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In building the world’s largest press brake, 
Warren City Manufacturing Company 
made sure of top quality welding by using 
Murex Electrodes. 

This huge unit, of fully stress-relieved 
welded steel construction weighs more than 
a half million pounds without dies. It is 
designed to exert a pressure of over 1,000 
tons for bending steel plate 5” thick toa 
right angle and in a single stroke in lengths 
up to 36 feet. 

Manual welding involved the equi- 
alent of 40,000 feet of 4%” fillet welding 
requiring more than ten thousand pounds 
of GENEX, FHP and HTS rod. 


M & T can be of help to you... Ask for a representative to call and 
check over your welding operations. 


METAL & THERMIT CORPORATION 
120 BROADWAY @ NEW YORK 5, N. Y. 
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ITS LONG LIVED CONSTRUCTION which assures easier, 
faster welding. Liberal design with more copper and steel 
makes for cooler running, reduces overload danger and is far 
superior to skimped capacity welding under all conditions. Arc 
is exceptionally easy to strike and maintain. 
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ITS COMPACT DESIGN and the long life operating 
speed. Engineered inside and out for efficient, low cost per- 
formance. Note the sturdy construction which invites hard 
usage on all kinds of jobs. Easy, instant push button starting, 
smo-o-o-th running. No wonder it’s a smooth welder. 
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7 HOBART WELDING ELECTRODES for performance on 
any job-ease of handling and freedom from spatter. You'l! 
experience @ feeling of confidence you never have placed in 
any other welding rod. See for yourself why so many users of 
electrodes are switching to Hobart for bes! results in welding 


this HOBART for 


HOBART BROTHERS COMPANY, B items checked. Stationery 
Please send more information Portable \ 
Gas Engine Driven Our work is— 
nd 


POINT BY POINT, COMPARE ITS ABILITY 
TO ACCOMPLISH BETTER WELDING WITH 
GREATER EASE AT FASTER SPEEDS... 


Compare ITS EXTRA ADVANTAGES such as Remote Control that 


guarantees better quality welds and saves time. Reverse Po- 
larity at the flip of a switch. One thousand combinations of 
welding heat. Outlet for 1 KW Auxiliary Power to operate 
electric tools (optional). 


Compare THE WELDS YOU GET with a Hobart with those of any 


other welder. You'll like their strength. Test them for uni 
formity and quality. Check them in any way you please and 
you'll undeistand why the country’s leading and largest users 
of welding will tell you ‘“‘none can compare with Hobart 
welds.”’ 
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Road Trailer. Two wheel, Speed Treiler. Four wheel, Yord Trailer. Four steel 

rubber tired with trons- rubber tired with trans- wheels 24°26” with roller 

verse spring. For 200 and verse springs. For gas drive becrings for use on uneven . 
300 empere units. units in all sizes. ground. All sizes. * 


HOBART BROTHERS COMPANY, BOX WJ-128, TROY, OHIO 
“One of the World's Largest Builders of Arc Welders’ — 


 WJ-128, Troy, Ohio 
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Industrial AC Welder 


“Build Your Own” Welder Power Unit 
Welder & Power Combination AC-AC Gas ider & Power 
LJ ¥e iven Welder ““Byild Your Own” We 
{_} Electric Motor Bui 
=) Ges Drive Portable We T | Electrodes 
Your Own’’ Welder & Power New Welder Catalog 
L 
AC Shop Welder 
POSITION 
NAME_ — 
“Guide — 
oO Hobart 
to Better Welding FIRM_— 
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Changes Steel 


—effect of welding and local heating on residual stress 


® Changes in steel by thermal processes if prop- 
erly controlled can be of service to the engineer 


by Leon C. Bibber 


IVETING, bolting and. other mechanical connec- 

tions in general do not change the length, the thick- 

ness, the physical properties and other characteris- 

tics of the steel they join, with the exception of pos- 
sibly a slight hardening as the result of cold working and 
local bulging caused by riveting. Welding, torch cutting 
and other thermal processes, on the other hand, can 
markedly change the length, width, thickness, hardness, 
tensile strength, yield point, microstructure and state of 
stress of the base metal. These effects and their causes 
should be understood, because the foree brought into 
being by heating and cooling, if properly understood 
and properly used, can be controlled and can even be of 
great service to the engineer, whereas if not understood, 
they may unknowingly be permitted to work agains: the 
desired result. 

Undoubtedly many learned, in their early study of 
physies, about the expansion and contraction of steel 
and conducted laboratory experiments to measure these 
effects quantitatively. It is probable, however, that in 
those experiments the temperature was raised by a few 
hundred degrees. Possibly because of such early experi- 
ences, the idea is still prevalent in the minds of many 
that when a piece of steel is heated to any temperature 
whatsoever it expands, and upon cooling it contracts to 
its original length, and that this performance can be re- 
peated indefinitely with the same result. This concept 
of expansion and contraction of steel is in general not 
true, except perhaps for very low degrees of slow general 
heating and cooling. 

Letus now consider what happens when steelisheated. 
This paper was presented before the Pittsburgh Chapter of the American 


Soci y of Civil Ungineers, also before a number of iocal sections of the 
merican Welding Society. 


Leon C. Bibber is Welding Engineer with the Carnegie-Illinois Steel Corp., 
Pittsburgh 9, Pa. 


Fig. 1 Apparatus for demonstrating allotropic changes in 
a steel wire 


In the apparatus shown in Fig. 1 a steel wire is 
stretched between two supports. Sufficient current is 
sent throughout the wire to heat it to a bright red heat, 
possibly 1650-1700° F. As soon as the wire is heated, 
it begins to expand and sag. When the wire has attained 
the desired temperature and length, the current is 
turned off and the wire begins to cool and rise. As a 
certain temperature is reached, the wire stops contract- 
ing and begins to expand and sag again, during which 
time it is still being cooled by the air. The point at 
which the contraction changes to expansion is known as 
the upper critical point of the cooling cycle. The sag 
continues until another point is reached, whereupon the 
wire stops expanding and begins to contract and rise 
again. This point is called the lower critical point of the 
cooling cycle. From then on the wire continues to cool 
and contract in a normal manner until its original tem- 
perature is reached. 

At the upper critical temperature of the cooling cycle 
an evolution of heat occurs as a result of crystal-struc- 
tural changes in the steel. In a darkened room this 
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Fig.2 Dilatometer for determining critical points in steel 


evolution of heat or ‘‘recalescence”’ of the wire is mani- 
fested as a glow; a more voluminous variety of iron 
forms and the wire expands. At the lower critical point 
the evolution of heat and the concomitant expansion 
practically stops. The range over which this evolution 
of heat occurs is called the critical range of the cooling 
cycle. Below the critical range, cooling and contraction 
occur normally. 

A similar phenomenon occurs during the heating 
cycle, but in the critical range an absorption of heat 
takes place, resulting in a halt in the heating and in con- 
traction of the wire. 

The experiment described above is a rather crude 
demonstration of the allotropic change in steel. A more 
scientific apparatus for determining critical points is the 
dilatometer. This equipment is shown in Fig. 2. In 
essence this device is a means of carefully controlling the 
heating and cooling of small samples of steel about 5 in. 
long and */s in. in diameter, and accurately measuring 
the accompanying expansions and contractions. The 
results of a dilatometer test on mild structural steel are 
shown in Fig. 3. Unit expansion and contraction are 
plotted on a basis of temperature. The solid black 
curve is the heating curve, and the dotted one is the 
cooling curve. 

As this particular piece of steel was heated, it expan- 
ded proportionally until a temperature of about 1325° 
¥. was reached, after which contraction occurred and 
the curve changed direction. Contraction continued 
until a temperature of about 1525° F. was reached, at 
which time the contraction ceased and expansion again 
took place, and the curve again changed direction and 
continued upward at a slope steeper than that of the 
original expansion curve. 

When the metal started to cool, the contraction curve 
was similar to that of the expansion curve and roughly 
parallel thereto. However, when the upper critical 
temperature for heating was reached at D, the change 
which took place upon heating did not occur. The cool- 
ing curve continued on downward until a considerably 
lower temperature of about 1320° F. was reached; 
namely, the upper critical point for cooling. At that 
point the curve changed direction and again roughly 
paralleled the heating curve, but at a much lower level. 
The cooling curve approached the heating curve, but in 
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general did not reach the latter when at 116.) the 
evolution of heat ceased and the metal again |egan ty 
contract. The cooling curve then continued 
essentially parallel to the heating curve, but at « slightly 
lower level. The cooling curve thus reached starting 
temperature line at point F below that of the heating 
curve, indicating a negative expansion, i.¢., 2 contrap. 
tion when the piece has reached the temperature from 
which it started. 

In this case the unit contraction was 0.0007 in. ner 
inch. This is a very small quantity, but in large stryp. 
tures many feet or many hundreds of feet long, this 
small unit could grow to an appreciable total. This 
permanent contraction is on the order of 0.0084 in. per 
foot or nearly */s in. per 100 ft. The difference in eleys. 
tion between the heating and cooling curves in Fig, 3 js 
somewhat greater than that usually obtained in dilato- 
metric studies, because this specimen was cooled a litt 
faster than usual. Unit contractions of 0.0002 in. are 
common, and intermediate values are often found. 

Why do the dilatometric specimens shorten as the 
do? Uniform cooling throughout the entire volume o| 
a piece of steel is never obtained, because without tem- 
perature gradients there can be no heat flow. Accord- 
ingly, the outer portions of the specimen, which has been 
completely heated in the furnace, cool more rapidly that 
the inner, and can pass out of the critical range and be- 
come colder and stronger, while the inner portions an 
still in the critical range and are very plastic and ay 
expanding. The result of these two opposing forces is 
an end-wise upset and a radial bulging. 
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EXPANSION AND CONTRACTION IN INCHES PER INCH 
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Fig. 3 Temperature-dilation curves for semikilled mild 
structural steel 
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On the cooling curve in Fig. 3, if the outer part of the 
ee] is at point A and the inner part is at point B— 
temperature difference of about 150° F.—the colder 
material at point A is stronger and is contracting while 
‘he warmer material at point B has the complete expan- 
jon in the critical range yet to go through, during which 
‘ime, as Was pointed out before, the metal is very plas- 
‘ic. Under these conditions a maximum of upsetting 
vould occur. On the other hand, if the cooling condi- 
‘ions were such that the temperature of the outside of 
the part were gt A, and the temperature of the inside of 
the part were at C—a temperature difference of 40° F.— 
only part of the expansion cycle would remain to be gone 
through, and a lesser amount of upsetting would occur. 

In the dilatometer, the temperature gradients are 
small because the rate of cooling is generally kept low, 
particularly in the critical portions. 

Carried to the extreme, differential cooling could 
change a block of steel of the proper proportions to an 
\pproximation of a sphere, as shown in Fig. 4. This 
spheroid was originally a rectangular parallelepiped, 
which was heated and quenched many times by attach- 
ing it toa heat treating rack. Had other proportions of 
width, length and thickness been used, some other form 
of globular object would have resulted. In other words, 
in actual fabrication heating and cooling operations, 
greater temperature differences can add to the shorten- 
ing effects as found in the dilatometer. 

The lengthwise shortening as a result of complete 
heating of structural members is known to anglesmiths 
and those who are directly involved in the hot forming 
of plates and shapes, but is probably not widely known 
outside of that small circle. Possibly the reason why 
knowledge of this fact has not been widespread is that 
the heating and forming are the first operations done 
and the parts are laid off after the shortening has taken 
place. However, if for any reason a part had to be 
heated after it had been cut to length, the shortening 
would be at once apparent. The writer knows of one 
instance where a British ship having deck beams made 
of bulb plates suffered damage. These plates are not 
rolled in this country, and it was decided to straighten 
and reuse the beam rather than use an American shape. 
\ecordingly, the beam was heated throughout its length 
in an angle furnace and straightened on the bending 


Fig. 4 Sphere made from block of steel by repeated heat- 
ing and cooling 
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Fig. 5 Heated spot in a plate indefinite in extent 


slab. Any pounding or other operations on the beam 
would have tended to increase its length, and yet when 
the beam, which was about 75 ft. in length, was finally 
put in place, it was so much shorter that the holes which 
formerly matched were now as much as */s to '/2 in. out 
of line. 

Another example of differential cooling is found in 
rolled shapes, the elements of which are not all able to 
cool identically. The upsetting and shortening effect 
described previously as a result of differential cooling 
between the inside of the beam and the outside surfaces 
undoubtedly exists, but of course cannot be determined, 
because the new hot-rolled beam never had an original 
cold length. However, there is a difference in thickness 
between the webs and flanges of I-beams, and there is a 
difference between the thickness of the legs and the 
thickness through the fillets of angles. The thicker sec- 
tions cool down more slowly, and as a result must com- 
plete their cooling after the thinner webs and legs have 
cooled and strengthened to a greater degree. This is 
manifested in a balanced stress (tension and compres- 
sion) between the webs and flanges of rolled sections. 
Furthermore, if there should be a differenee in the cool- 
ing of one flange from that of the other, the beam would 
not be straight when cold, and must be straightened. 
It should be borne in mind that the locked-up stresses 
described above can result from temperature differences 
below the critical range. Indeed the dimensional ef- 
fects accompanying allotropic change often oppose the 
effects of thermal expansion, reducing the resultant 
stress. 

Thus far we have been concerned wholly with mem- 
bers which have been heated throughout their entire 
volume. By far the greater use of heat in fabrication is 
local, rather than general. In the case of local heating, 
another factor enters into the problem; namely, the 
resistance of the surrounding metal to the local expan- 
sion. 

If, in the plate shown in Fig. 5, a spot about 1 in. in 
diameter is heated with an acetylene torch to a tempera- 
ture above the critical range, say 1800° F., a situation 
something like that shown in Fig. 6 will result. The 
temperature gradient will be about as shown. ‘The 
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Fig. 6 Thickening of plate, spot heated above critical Fig. 8 Thickening of plate spot heated below critica) 
range range 


heated area of the plate will expand;» this expansion begins to cool, the piece of plate in that area has sul). 
will be resisted by the cold rigid surrounding metal, with stantially the same weight that it had before, but it has 
the result that the softer heated metal will flow and up- a different shape. If the dimensions of the spot are such 
set about as indicated. that elastic strain will satisfy the. tension demands o/ 
If the heating is not carried above the critical range, the shrinking spot, elastic strain only need result. 0) 
but to a point slightly below the upper critical tempera- the other hand, if the demands are too great for the elas- 
ture, it is believed a situation something like that shown tie Strain, some plastic flow will take place, but elasti 
in Fig. 7 will exist. Within the diameter heated to a strain also will remain, and the volume surrounding tli 
point in the critical range, the metal will have reversed thickened spot will be decreased in the only directio: 
from expansion to contraction, but the surrounding possible, namely, thickness. This is shown diagram. 
metal below the critical will be stronger, and hence, the matically in Fig. 9. 
contraction should be manifested as a depression. Actual plates about 1 ft. square and '/, in. thick wer 
When the cooling cycle takes place, the expansion in the spot heated to various temperatures and then allowe 
critical range should, for all practical purposes, fill up to cool to show the thickening and thinning effects pre- 
the depression, and contraction below that range will viously described. In Fig. 10 is shown a photograph « 
proceed almost as if no transformation had occurred. the cross section of a spot which was heated above tl 
If the spot were heated to a temperature below the critical range and cooled. It is difficult to see thi 
critical range, less expansion and less thickening should thickening and thinning effects with the naked ey 
occur, and the heating and cooling gradients would be The white lines on the photograph are the location 0! 
about as shown in Fig. 8. micrometer measurements. It will be seen that th 
In any of thé above cases, when the entire heated area center of the spot has been increased in thickness (1.000 


in., i.e., 0.003 in. on each side. Immediately outside oi 
the thickened section is a large annular volume whic 
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Fig. 7 Thickening and thinning of plate spot heated in Fig. 9 Thinning of spot-heated plate due to shrinkage 
critical range stresses 
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BEFORE HEATING 


AFTER HEATING 


Fig. 14 Use of local heating in straightening of beams 


has been thinned. The fact that the thinning is greater 
on one side than on the other is probably due to asym- 
metrical movement of the torch during the heating. 

The same thickening and thinning is shown to a 
slightly lesser degree in Fig. 11. No evidence remains 
of the suggested possible depression in the center of the 
spot. 

The results of the measurements on the spot that was 
heated to a temperature below the critical range are 
shown in Fig. 12. The degree of thickening and thin- 
ning is almost as great as that observed in the two pre- 
vious cases. 

The principle described above is used in the spot 
heating of plate surfaces to correct the warping result- 
ing from welding. In the bulkheads of ships, in the side 
plating of cars and vehicles, spots may be heated as 
shown in Fig. 13, in regularly spaced patterns. The 
number of the spots and the spacing to accomplish the 
desired result can best be determined by experience. 
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Fig. 15 Effect of torch cutting on flat plate 
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If the job is repetitive, a high degree of proficiency cap 
be achieved. In practice, the heating is not c:rried m 
to the critical range, because to do so would iNCrease 
expense and would cause unsightly sealing. 1; wil} jp 
obvious that spot heating is very costly in gases and 
labor and should be used as sparingly as_possihj, 
Unfortunately, specifications and inspectors sometinges 
require degrees of flatness very difficult to obtain, j 
which case spot heating becomes necessary. It shou 
also be realized that “absolute” flatness is not obtaine| 
with welding, nor is it obtained with riveting. 

Not only is restrained contraction useful in alleyis. 
ting the unsightliness of warping, but this phenomenoy 
is a very useful and powerful tool for the shortening an¢ 
straightening of members. Structural members either 
in‘ place or before being erected can be shortened by 
means of heating them over a certain length, and alloy- 
ing induced compression to produce the desired shorten. 
ing or by causing upsettifg by clamps. Furthermor 
should the desired shortening not be accomplished tly 
first time, the same principles are operative a second 
time, or any number of times thereafter, so that cumuls- 
tive results can be obtained. 

In Fig. 14 the bent I-beam can be readily straightened 
by heating a sector about as shown, keeping the heating 
wholly on the half that is to be shortened. The amoun’ 
of straightening that can be obtained from one such ap- 
plication is surprisingly large. Oftentimes angula 
movements as much as shown can be produced. 

All of the above flattening and straightening oper- 
tions come about by causing stress in the part, and after 
the member has cooled, the stress remains therein ss 
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EXPANSION AND CONTRACTION IN INCHES PER INCH 
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Fig. 16 Temperature-dilation curves for weld metal 
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Fig. 17 Arrangements for determining shortening due to 
longitudinal welding 


residual balanced stress. Everyone who has locally 
heated a part to bend it or make it fit or for any other 
purpose has caused residual stresses in that part, 


whether he was aware of that fact or not. 

A very important thermal fabrication tool today is 
the oxyacetylene torch. The principles discussed above 
concerning spot heating apply to torch cutting, but in 
the latter case the heated spot is moving—that is, we 
have a progressive spot heating condition. There is one 
lifference, however; namely, that after the cut is made, 
only the longitudinal forces are effectively resisted by 
equal and opposite forces. Obviously in torch cutting 
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Fig. 19 Upsets resulting from welding 


the steel is heated far above the critical range to the 
melting point of the metal. , 

If a flat plate such as shown in Fig. 15 were to be torch 
cut along the line A-B, the heating during cutting would 
‘ause the main body of the plate and the edge of the 
strip to expand about as shown. When cool, the plate 
would be found to have shortened on both sides of the 
torch kerf. Since the heating was local, shortening 
would occur in the immediate vicinity of the kerf and 
would not occur where heat had not been applied and 
the result would be a permanent warp as shown sche- 
matically in the lower sketch. 

It will be seen, therefore, that warping is merely the 
result of a shortening in one place, while no basic change 
of stress-free length takes place elsewhere in the part. 


DIRECTION OF WELDI NG 


Speed of 
Electrode Current welding, 
size, in. amp. Voltage in. /min. 
, 100 25 6 
170 27 
200 30 5 


Total Total 
expansion, 


SECTION A-A 


—Plate 

Net total Unit 
contraction from contraction from 
contraction, original length, original length, 
in. im. in. in. /ft. 


0.008 0.0215 0.0135 0.0045 
0.0217 0.0430 0.0213 0.0071 
0.024 0.0518 0.0278 0.0093 


Fig. 18 Details of longitudinal weld bead shrinkage test specimen—Results of tests 
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Fig.20 Residual stress distribution in welded joint in 1-in. 
mild steel plate (after De Garmo and Meriam) 


It will also be evident that warping as the result of torch 
cutting the ordinary structural steels-is inevitable. In 
most instances, particularly in the case of short cuts, 
the warping which does occur may be so small as to be 
of no consequence, but the warping is there and precise 
measurements would disclose it. 

Thus far we have dealt only with the effects of heat 
as such and not with the effects of welding. Let us now 
consider the effect of the latter. In Fig. 16 is shown a 
dilatometer curve of weld metal. The specimen for this 
test was obtained by machining the small cylindrical 
specimen from a large deposit of weld metal. It will be 
noted that the dilatometer curve is of the same general 
character as that of the base metal. In other words, the 
expansion and shrinkage characteristics and critical 
points of weld metal are substantially the same as those 
of base metal. 

We do not have weld metal alone in actual practice; 
we have welded joints involving both weld metal and 
the base metal. In order to provide quantitative data 


Fig. 21 Large tension specimen containing longitudinally welded joint (stiffening timbers in place) 
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as to the combined effect of weld metal and b:<c met: 


the experiments Shown in Fig. 17 were made. 
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\ Dlate 
4 in. thick and 4 ft. long was welded at one end ty 


heavy slab and was free to move at’the other. ‘The lat. 
ter end was. held down by a strap in such a way ‘hat ¢}, 
plate could elongate lengthwise, but could not cur} «, 


elseW he! 


esidual 


ndicate 


warp. A dial gage was placed in contact with the endo: the \ 
the plate. A bead of welding 3 ft. long was deposite Rj" wel 
on the top of the plate as shown in Fig. 17. During the line 
heating, the plate expanded until a condition of eq, pressior 
librium between the heat input and heat extraction hy @ 2" 
cooling was reached, when the expanded length » the lor 
mained constant. After the welding was complete, @e"°° 
the plate contracted and continued to contract after; 22 ” 
had reached its original length. Various electrode sizes 33,000 
and heat inputs were used. tact ul 
The results of the tests are shown in Fig. 18. As thy Mild : 
heat input increased, the unit net contraction increase yield | 
The data when plotted show that the shrinkage ; . 


creased in direct proportion to the heat input per inch 

Let us consider the mechanism by which these shrink- 
ages are brought about. It will be apparent that the 
act of depositing a weld is one of progressive spot heat- 
ing, with temperatures raised above the melting point 


0 
The heating medium, namely, the are, creates an in- S 
tensely concentrated heat, resulting in very steep tem- Sa 
perature gradients. The resistance to expansion is ob- S 
tained from the cold metal all about the are. The plat am 
is not severed as in the case of cutting, and the forces rm 


are resisted in all directions. The upset occurs as a con- 
tinuous ridge as shown in Fig. 19. While the shrinkag 
characteristics of weld metal itself are very similar t 
those of base metal, the raised bead is not in a favorable 
position to exert forces on the plate except in a longi 
tudinal direction, and the added metal may contribute 
but little to the total shrinkage. In the case of the bead 
tests shown in Fig. 18, the greater heat inputs heated 
greater volumes of metal and created greater shrinkags 


AVERAGE UNIT 


forces against a constant resistance with the results a 
shown. 

Lest anyone be inclined to consider that the unit 50) 
shrinkages shown in Fig. 18 in terms of fractions ol ‘+ 
thousandths of inches are negligible, it should be pointed th 
out that the values shown amount to total shrinkages a 
ranging from 0.45 to 0.93 in. per 100 ft.—very appre. 
ciable amounts. be 
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Elaborate strain investigations have been made over 
he past few years at the University of California and 
ssewhere, and thousands of tests have shown that the 
esidual stress distribution in a welded joint is about as 
adicated in Fig. 20. A tension peak of about 50,000 
psi, in a longitudinal direction exists at the center line 
{the weld. This peak tension diminishes away from 
the weld until, at a point about 3 or 4 in. from the cen- 
‘or line, tension changes to a rather low value of com- 
pression spread over a large area. The stresses in the 
-ransverse direction are very much lower than those in 
‘he longitudinal. Perhaps the reader wonders how 
¢resses of such a high value can be obtained in steel 
ase metal, whose yield point may be on the order of 
33 000 to 36,000 psi. One part of the answer lies in the 
fact that the yield point of weld metal is very high. 
\ild steel weld metal deposited on mild steel can have a 


vield point in excess of 60,000 psi. Values exceeding 
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Fig. 22 Partial load (head-movement) curve for welded 
specimen (long plate specimen welded in unrestrained 
condition and tested as-welded at +80° F.) 


50,000 psi. are common. The other part of the answer 
is the fact that the base metal immediately adjacent to 
the weld metal has been strengthened, as will be shown 
later. 

To those who think of an unloaded structural mem- 
ber as being wholly stress-free in the idealized way, these 
considerations of residual stress may seem to require 
some reconciliation with the fact that thousands upon 
thousands of tons of such members have. performed 
satisfactorily in service. Many of them have endured 
great distortion without rupture in some structures 
loaded far in excess of the specification requirements. 

In Fig. 21 is shown a large longitudinally welded test 
specimen in 1'/, in. mild steel plate. This specimen, 
weighing with its end connections nearly three tons, is 
large enough to contain locked-up stresses of the type 
described above. The vertical boards in the center 
Were placed there to protect SR-4 strain gages which 
Were distributed over the middle transverse section of 
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Fig. 23 Initial failure in weld metal on large welded plate 


specimen 


the plate. The gages were located as thickly as possible 
in the vicinity of the weld. 

A small load was applied and maintained and the 
gages were read. The load was then increased and the 
rages again read, and the process repeated many times. 
At intervals the load was dropped to zero and the gages 
examined to ascertain if permanent set was obtaining. 
The applied loads and the various releases are shown to 
a large scale in Fig. 22. The curve is in effect a stress- 
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Fig. 24 Complete load (head-movement) curve for welded 
specimen (long plate specimen welded in unrestrained 
condition and tested as-welded at +80° F.) 
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strain curve except that the head movement contains 
slight errors due to crushing of pins, movement of test- 
ing links, etc. In the early part of the curve the pro- 
portionality between stress and strain is not main- 
tained, because the bending caused by the weight of the 
specimen was an appreciable factor at low loads. 

After a low average stress of about 6000 psi. had been 
applied, it was found that the gages in the vicinity of 
the weld did not return to zero, indicating that perma- 
nent set had obtained in the portions known to contain 
high residual stresses. 

Elongation continued until the weld metal, which has 
slightly less ductility than the base metal, could endure 
no more, and started to tear as shown in Fig. 23. Fail- 
ure then spread throughout the rest of the cross section. 

The complete load head-movement curve is given in 
Fig. 24. The small portion given in Fig. 22 is shown at 
the left. The complete curve clearly indicates a normal 
ductile performance similar to that obtained from vir- 
gin plates, despite the fact that the welded specimen 
contained locked-up stresses on the order of 50,000 psi. 

This large specimen elongated in the as-welded condi- 
tion 22.3% in a gage length of 128 in. or 37.1% in a 
gage length of 8 in., a remarkable performance. 

In Fig. 25 are shown the results of the strain gage 
measurements taken during the testing of the large 
welded specimen. The curves are most interesting in 
that they show the progressive increase in the straining 
as the pulling continued. It will be remembered that 
the load was first released at a stress of 6000 psi. and 
that permanent set was found in the center gages. The 
strain corresponding to this stress is indicated at A. 
The curves were most puzzling, however, because they 
indicate a differential elongation between the center of 
the specimen and the edges. How could this be if the 
heavy heads on the test specimen forced all portions to 
move together whether or not certain parts were under 


or not they had 
different yield 
points? In Fig. 
26 isshownacon- 
tour study of the 
specimen after 
failure. Curves 
for constant per- 
centages of re- 
duction in thick- 
ness are plotted. 
At various points 
throughout the 
length of the 
specimen, the 
center was thin- 
ning and hence 
elongating differ- 
ently from the 
edges; in some 
cases less and in 
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Fig. 25 Distribution of strain in 
large longitudinally welded tensile 
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Fig. 26 Contours of equal thickness on large welded speci- 
men after failure 
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Fig. 27 Contours of equal thickness on large unwelded 


specimen after failure 
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me cases more. These differences are disappearing as 
‘he ends are approached, so that at the point of attach- 
ment to the 4-in. thick test heads practically uniform 
movement was occurring. The strain gages happened 
to be attached at a point where the center was elonga- 
ting to a greater degree. Had other gages been at- 
tached at other points the opposite condition could 
have been found. 

It might have been expected that some peculiarities 
vould obtain in the testing of a large welded specimen 
of the type shown. However, in Fig. 27 is shown a con- 
tour study of a corresponding virgin base metal plate. 
[t will be seen that the same sort of variation in elonga- 
tion at different points along the length was obtaining 
as was the case with the welded joint. The same sort of 
behavior has been observed in tests of small specimens. 

The above shows that not only is it possible for 
differential straining to occur over the width of a speci- 
men, but also along the length. Furthermore, as we all 
know, differential straining through the thickness of a 
member occurs every time a part is bent. It would seem 
probable, therefore, that uniform straining throughout 
the entire volume of a member, even under simple static 
tension, may never be achieved. 

A very important. relation between peak residual 
stress and imposed stress has been shown by Prof. E. 
Paul DeGarmo at the University of California.'! In 
Fig. 28 are given data from some of his tests. A large 
plate specimen 70 in. wide, 144 in. long and 1 in. thick 
was subjected to a nominal stress of 9300 psi. The load 
"1 Meriam, J. L. DeGarmo, E. Paul, and Jonassen, Finn, ‘Redistribution 
of Residual Welding Stresses by Tensile Loading Along a Unionmelt Weld 


Joining Two 3 ft. x 12 ft. x 1-in. Plates,” Tae Wetpine Journat, 25 (10), 
Research Suppl., 697-s to 699-s (1946). 
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Fig. 28 Dissipation of peak residual stress by 9300 psi. 
imposed stress (after DeGarmo) 
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Fig. Dissipation of peak residual stress by 20,000 psi. 


imposed stress (after DeGarmo) 


was released and strain measurements were made by 
relaxation. The initial residual stress pattern is shown 
in dot. The stress after the imposed load had been re- 
leased is shown in full. It will be seen that the residual 
stress peak was reduced by practically the same amount 
as the imposed stress. 

In Fig. 29 is shown the case where the imposed stress 
was 20,000 psi. Again the stress peak was reduced by 
practically the amount of the imposed stress. 

In a large welded joint there are metals having many 
different physical properties and many different states 
of stress. Weld metal is in general stronger than virgin 
base metal and has a higher yield point. 
behavior, however, is very similar to that of base metal. 
Immediately adjacent to the weld metal the base metal 
has been hardened and strengthened by the heat of 
welding. Tests have shown that this heat-affected base 
metal has higher physical properties than even the weld 
metal. At varying distances from the weld, as will be 
described later, the temperature of the base metal has 
been raised varying degrees above the lower critical 
temperature, and the heat-affected base metal at differ- 
ent points will have properties intermediate between 
those of the strong heat-affected base metal and the 
unaffected base metal. At two points only, where the 
residual stress changes from tension to compression, as 
shown in Fig. 20, will the base metal be stress-free. 
The base metal outside of those points will be subjected 
to residual compression. The weld metal and heat- 
affected zones will be in residual tension. 
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Fig. 30 Effect of residual stress on transition from elastic 
to plastic strain 


This situation is shown in Fig. 30. The usual stress- 
strain curve plots imposed stress vs. accompanying 
strain. This condition is shown by the curve O—D-E. 
However, at the time the imposed stress on the welded 
specimen was zero, the weld metal and heat-affected 
zones contained residual stresses on the order of 50,000 
psi. Stress is stress whether it results from imposed 
loading or whether it results from differential shrinkage, 
and below the yield point of the material that stress is 
accompanied by its corresponding strain. If the elastic 
strain due to imposed loading is zero, and the residual 
stress has a value far up on the stress-strain curve, then 
the origin of the curve must be displaced to the left. 
Accordingly, the curves for the weld metal and heat- 
affected base metal would assume relative positions 
about as shown in Fig. 30. 

However, by far the greater cross-sectional area of 
the specimen is subjected to a moderate residual com- 
pressive stress. This situation is shown by the curve 
U-—A-—V-—W, which is displaced to the right of that for 
the unstrained base metal, and the negative tension or 
compression is shown by the extension of the curve 
below the base line. 


When the entire welded specimen is subjected to a 
strain O—A, a stress O—L would result in the originally 
unstressed base metal. 


Substantially the same stress 
N-—P would be added to that in the intermediate heat- 
affected base metal, but an equal increment of stress 
would not be borne by the weld metal and the stronger 
heat-affected base metal, because the added _ stress 
would be sufficient to exceed the yield points of the 
highly stressed regions and plastic flows would. result. 
The proportionality between stress and strain would no 
longer obtain. The added tensile stress O—-L would be 
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subtracted from the residual compressive stress ()_; 
with the result that at point A the base metal original), 
in compression would be ready to be stressed jn tension 
The application of a further strain to point 7° woujj 
cause a proportionate increase in the stress in the yipy) 
base metal, but would not cause a proportionate % 
crease in the stress in the intermediate heat-affecta; 
base metal, because by that time that metal would }, 
stressed beyond its yield point and would be flowing 
plastically. Further straining to point M would exc9e, 
the yield point of the virgin base metal and thereafte, 
all parts of the specimen would be flowing plastically 
more or less uniformly. 

A base metal member, such as a hot-rolled beay, 
with residual stresses, both tension and compression, a} 
rarious points, or a member which had been locally 
heated or cold worked would perform similarly to that 
described above. The portions which were under resid- 
ual tensile stress would, with an increasing load, elon- 
gate plastically sooner than those which were not, and , 
beneficial redistribution of residual stress within the 
member would take place. Possibly initial deflection of 
a member might be slightly influenced by local plastic 
flow, but the ability of the beam to carry its required 
load would not be harmed and may even be improved. 
The factor, therefore, that reconciles locked-up stress 
with safe performance in service is local plastic flow. 

Since welding causes shrinking to a greater degree 
than any of the thermal fabrication processes, and since 
warping is the result of shrinking in one location and 
not in another, it follows that welding is a very bad o/- 
fender as regards warping—a fact with which you are 
probably all too familiar. A flat plate with a welded 
single V-butt joint would warp about as shown in Fig. 
31. Of course the warping in the sketch is exaggerated 
Also, the degree of warping will be altered by surround- 
ing restraint. 

The order in which the welding is done has a great 
bearing on the final shrinkage of the completed struc- 
ture. In the built-up beam in Fig. 32, the various steps 
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Fig. 31 Effect of welding on flat plate 
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Fig. 32. Warping of built up I-beam as a result of welding 


show what would happen if the welding were carried 
out in the order shown. ‘The upper two welds would 
cause the more or less independent web and flange to 
warp freely. On the other hand, when the lower two 
welds were made, the shortening would be resisted by 
the very great bending strength of the built-up tee, and 
the lower welding would never be able to counterbal- 
ance fully the effect of the upper welds, and a permanent 
warp would remain in the beam. 

The proper way in which to weld such a beam would 
be to weld a certain length in one location and then turn 
the beam and weld in a location where shrinkage forces 
would cause equal and opposite effects, and to continue 
to weld in different places until the beam was complete. 
Such a welding procedure would keep the beam from 


UPSETS 
Fig. 33 Warping of fillet welded tee-joint 
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ever getting so far out of alignment that subsequent 
welding would not correct the warping. ‘The result of 
such balanced welding so far as locked-up stress is con- 
cerned would be about the same as that of continuous 
welding. 

In Fig. 33 is shown the most usual joint, the double 
fillet welded tee-joint. The shrinkage of the weld metal 
will cause the bottom plate to rise about as shown. 
This angular movement will cause an over-all shrinkage 
in the transverse direction, and if the joint is one of a 
series, the total shrinkage resulting from transverse 
welding may be equal to or be greater than that of 
longitudinal joints. 

The uspets on the bottom of the plate are not unduly 
exaggerated. If the completed structure is given a high 
gloss paint finish, the bumps will be very noticeable. 

In a very large completely welded structure, such as a 
ship, in which there are hundreds of longitudinal and 
transverse joints, the total shrinkage resulting from 
welding is astounding. If a 400-ft. ship were completely 
tacked together and then welded, the total shrinkage 
would be about 8 in.—that is about 2 in. per 100 ft. 
Not only would the ship have shortened, but she prob- 
ably would be badly distorted. In Fig. 34 is shown a 
ship in which the final welding is carried out in what 
might be considered the normal manner. The welding 
as shown by the shaded area was completed at the bot- 
tom first. By the time the hull welding was finished, 
both the bow and stern had lifted from the keel blocks. 
This lift has in some cases been as much as 8 in. 

However, it is not necessary to let shrinkages and 
distortions become cumulative to the extent just de- 
scribed. In erecting large plate structures, of which 
ships are a good example, the shrinkage can be con- 
stantly corrected and allowed for as the work proceeds. 
Joint openings can be increased, large subassemblies 
used and many other measures taken. 
ships, an erection procedure something as shown in Fig. 
35 has been used with such success that the bow and 
stern were actually slightly depressed. 

Before we leavé the subject of residual stress 
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Fig. 35 Corrective procedure for welding ship to prevent 
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more point must be mentioned; namely, stress locked- 
up during the act of welding. It was pointed out pre- 
viously that the maximum residual stress in completed 
joints was in the longitudinal direction. This will be 
true if the plates are relatively free to move during 
welding. If, however, they had been prevented from 
moving toward each other by external restraint, very 
dangerous transverse stresses could have resulted. This 
situation can be intensified by the notch effect of the 
unfinished weld. Cracking of the earlier beads of weld 
metal can occur, and that cracking may not be noticed 
by the welder and subsequent beads of welding depos- 
ited over the crack. Under the shrinkage stress of the 
cooling weld metal, the crack may progress further into 
the weld. Two practical remedies for this situation are 
at hand; the first, to prohibit the welding of joints un- 
less at least one member is free to move however diffi- 
cult this may be to arrange in a complicated structure, 
and second, to refrain from permitting a joint to cool 
until the welding has been completed. Obviously the 
stress situation resulting from external restrain is quite 
dissimilar to that of local tension balanced by broad 
zones of compression. 

The big question raised by all the previous discussion 
is whether or not local residual stresses are dangerous. 
Local plastic flow is the factor which dissipates localized 
stress. If, under certain conditions, local plastic flow 
is prevented from occurring in sufficient degree, then the 
situation can become serious. Four things can affect 
ability to flow plastically: (a) the degree of triaxiality 
of stress; (b) temperature; (c) speed of loading; and 
(d) the physical properties of the material. Since we 
are discussing mild structural steel only and are con- 
cerned primarily with static loading, the latter two fac- 
tors need not be considered further here. 

Low temperature can adversely affect the ability of a 
material to flow plastically and in all designs operating 
at low temperatures, whether natural or artificial, con- 
sideration must be given to this factor. 
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In every case of failure in a welded structure. 
raiser has been present. The most usual stress p:iser jg 
anotch. That notch can be either internal or ex‘ erna) 
A notch hinders plastic flow in two ways: (a) \y jp. 
creasing the degree of triaxiality and thereby setting up 
a state of stress adverse to flow; and (b) by limiting the 
volume of steel in which deformation can take place ty 
equalize the stress. Notches-can exist in a structure a 
a result of design. Examples of such notches are re. 
entrant angles, square-cornered holes, fillet-welded eon. 
nections and the abrupt stopping of parts on a highly 
stressed member without providing opportunity for 
smooth transition of stress. 


Stress 


Notches can also exist in 
a structure as a result of poor workmanship. Examples 
of this kind are flaws in weld metal and undercutting at 
the toes of fillet welds. The above is but another way 
of saying that the control of the dangerous stress raiser. 
namely, the notch, is wholly within the hands of the 
fabricator, both from the standpoint of design and 
workmanship. 

It would appear, therefore, that residual stress which 
exists in rolled beams, flanged, joggled, bent and other 
cold-worked parts, as well as in torch cut members, 
locally heated parts and welded structures need not be 
feared per se; it is stress whether residual or otherwise 
augmented by stress raisers in the form of notches that 
can under a certain combination of factors become criti- 
cal. 

A discussion of residual stress would not be complete 
without mention of the means of relieving such stresses. 
The most usual and successful method of minimizing 
the locked-up stresses resulting from cold forming, local 
heating, welding or any other process is stress-relie/ 
annealing.. Stress-relief annealing is the process o/ 
lowering the residual stress level by heating the strue- 
ture ‘n a furnace to a temperature below the lower criti- 
cal point and then allowing the weldment to cool slowly 
in the furnace. by heating, the yield strength is lowered 
until it has a negligible value of but a few thousand 
pounds per square inch. When the yield strength of the 
material is thus depressed and one part of the structure 
is pulling on another, plastic flow takes place. The 
temperature is kept below the lower critical point so 
that the transformations described earlier will not take 
place. Furthermore, scaling increases rapidly with 
higher temperatures, and it is desired to minimize this 
effect. It should be borne in mind that while the struc- 
ture is hot and its yield strength is negligible, compli- 
cated and heavy structures may not have strength 
enough to support their own weight unless they are 
properly supported in the furnace. When the heating 
has been completed, a very important part of the proc- 
ess is the slow cooling to follow. If a weldment con- 


taining members of different thicknesses were removed 
from the furnace and permitted to cool in air, the thin- 
ner parts would cool faster than the thicker, and stresses 
would be set up as hereinbefore described, and the 
purpose of stress-relief annealing would be defeated 
The rate at which the cooling is allowed to take place 
varies with the mass of the structure involved. 0r 
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parts of moderate size, permitting the furnace to cool 
jown by itself is generally satisfactory. However, in 
the case of specially large structures, controlled cooling 
is carried out and sometimes several days elapse in the 
process. 

Some confusion may exist as to the reasons why 
sress-relief annealing is done. Two interrelated objec- 
tives are achieved by stress-relief annealing: (1) the 
residual stresses in the part are minimized; and (2) a 
considerable degree of tempering is obtained whereby 
the ductility of the structure is increased. Sometimes 
the former is the primary object, as in the case where 
precise machining operations must be subsequently 
carried out and ductility is of little importance. In 
other cases dimensional stability is of little concern, but 
ability te endure distortion and abuse is paramount. 
However, aS was pointed out above, one end is not 
achieved without accomplishing the other. 

If a welded part is put into a planer and a cut taken 
from one side, the result should be a true plane surface. 
However, this will not be the case. It will be found 
that the supposedly plane surface will have curled or 
moved in some way and will not be a plane within the 
tolerances desired by the machining operation. The 
reason for this movement is very simple in the light of 
the phenomena previously described. The part as- 
welded was in equilibrium obviously because it did not 
move. All tension and compression stresses within the 
member were balanced. However, when a cut is taken 
from one side, the balance is upset and movement takes 
place until equilibrium is restored. Unfortunately, 
taking another cut will not correct the situation, be- 
cause if another cut is taken, the balance is again upset 
and again an adjustment will take place. The solution 
of this problem, of course, is to stress-reliéf anneal the 
part so that the locked-up stresses are at a level which 
is not sufficient to bring about appreciable movement 
of the weldment after machining. 

Stress-relief annealing operations are expensive and 
time-consuming, and if the objects are big, require very 
large and expensive equipment. Accordingly, it is 
desirable to keep the amount of stress-relief annealing 
toaminimum. The decision as to whether or not a part 
should be stress-relief annealed is a difficult one, and 
generally speaking there is no guidance but experience. 
In the case of structures too large to put into furnaces, 
such as ships, buildings, ete., the problem then becomes 
one of deciding whether or not to weld. A great volume 
of general experience has been building up over the 
years, so that reasonably satisfactory decisions can be 
made in practically all cases. 

Another very important effect of welding is shown in 
the macrograph in Fig. 36. Even at the low magnifica- 
tion there can be seen underneath the welds fringes 
which are different from the surrounding steel. These 
are called the heat-affected zones. In these zones the 
material has been raised above the lower critical point 
and its characteristics changed. 

As has been pointed out previously, the welding op- 
eration consists of progressively melting a small amount 
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Fig. 36 Macrograph showing hardening effect of welding 


of metal. This small globule of molten steel is not very 
remote from the large mass of cold base metal of the 
structure. The effect of this gradient is that of a rather 
quench and as a result, the steel which has been heated 
totemperatures above the critical range may be hardened. 
If the base metal is a normal structural steel, the re- 
sulting hardness attains a nominal value, about as 
shown in Fig. 36, and no particular harm results. 
Hardness is a good indicator of strength and the hard- 
ened metal could readily be strong enough to develop 
the high longitudinal residual stresses described pre- 
viously. 

However, if the base metal were a material of high 
hardenability and one of considerable carbon, marten- 
sitic hardening could result in cracking. The cracks 
known as underbead cracks occur in the base metal and 
not in the weld metal, and are due to the fact that stress 
is present and that the quenched metal is incapable of 
flowing to relieve the stress. Such steel is not amenable 
to welding without special procedures. 

Since the hardness described above results from the 
heat extracting capacity in the large cold mass of base 
metal, then the prevention of this undesirable hardness 
lies in taking away from the steel base metal its heat 
extracting capacity; or as the process is commonly 
known, preheating. Preheating is not heating to a red 
heat; preheating is a very modest operation and can be 
carried out locally by means of torches or other heating 
devices. It is most surprising how effective are small 
increases in temperature in preventing ill effects. For 
example, steel lying in the sun on a hot summer’s day 
is adequately preheated for many purposes. Steel 
heated by means of hot water or steam to temperatures 
of 200-212° F. is adequately preheated for other pur- 
poses. A temperature of 350° F. is sufficient for almost 
any structural purpose. However, when preheating is 
done, a means of measuring the temperature involved 
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must be provided. Merely guessing at a temperature is 
not satisfactory, because an improperly low temperature 
may be obtained or costly gases may be used wastefully 
in obtaining unnecessary temperatures. It should be 
emphasized, however, that preheating is generally not 


: necessary for the ordinary structural steels, but is used 
- to prevent zones of low ductility in steels of greater 
hardenability. 


In this paper we have endeavored to set forth thp 
several physical changes, e.g., in stress, in dimension 
and in contour, which to a greater or lesser degree ap. 
company the process of welding. These phenomeng 
have been discussed in detail because it is believer tha; 
an understanding of all of them will place the enginee; 
in a better position to reap, in safety, the vast benefits 
of welding. 


by Harold H. Hicks 


HERE have been many interesting and construc- 

tive papers written on jigs and fixtures, the majority 

dealing with a specific problem or product. This 

discussion is of a general nature and not intended to 
deal with problems concerning the manufacture of a 
specific. product. 

In order to define clearly, the term “fixture” is desig- 
nated as a tool or device used for the purpose of holding 
parts in established relationship for assembling, posi- 
tioning and joining by pressure, nonpressure and braz- 
ing processes. 

In organizations engaged in the mass production of 
are-welded products, proper tooling must be considered 
of prime importance. It is a well-known fact that pro- 
duction equipment, especially fixtures, is responsible for 
higher production and lower costs, thereby reducing the 
price of countless products. Sometimes there seems to 
be a tendency to assume that a fixture is just so much 
metal fastened together, with no great deal of thought 
placed into it, which can be used carelessly, repaired 
easily and little or no consideration given as to its effect 
on operation efficiency and fina! costs. 

Education of welding operators, mechanics and crib 
attendants, etc., in the proper use and care of even a 
relatively simple fixture will eliminate many headaches. 
The repair and alterations of fixtures should not be per- 
formed by unqualified persons. 

In order to proceed properly let us first consider the 
function of design for welding. This phase of welding 
engineering should be handled by engineers who possess 
the knowledge of the fundamental principles of welded 
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» Methods and procedures in the mass production of are- 
welded equipment and essential factors in creating fixtures 
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design, such as relative strength of welds, capacity of 
machines, weldability of different materials, positioning, 
premachining, heat, distortion, stresses, etc. It is quite 
sasy for those experienced in this type of work to deter- 
mine from a study of drawings and specifications of dif- 
ferent companies the extent of their practice of design 
for welding. It is also necessary for those engaged in 
the creating of welding fixtures to have a wide practical 
as well as theoretical background of knowledge of weld- 
ing engineering and machine shop practice. The estab- 
lishment of certain procedures for a weldment, which 
begins in the processing of piece parts, is sound engi- 
neering and is invaluable to the tool designer and too! 
maker, as well as the production department. ‘The in- 
formation should be incorporated in the shop drawings. 
No extensive engineering training or drafting ability is 
necessary for the welder, mechanic or tool maker to 
turn out first class work if such a method is used. 

It has been my experience to be required to create a 
fixture for a weldment which was designed for a metal 
to metal fit and dimensioned from points which would 
have been impossible to hold properly, unless all parts 
of the assembly had been held to very close tolerances. 
Parts fabricated by flame cutting, shearing, punching 
and coping, also mill tolerances, do not lend themselves 
to this type of fit. This is one type of problem which 
can be eliminated from welded designs by utilizing 4 
knowledge of welding engineering. 

In the majority of cases the designing of weldments 
for “‘metal to metal fits’? should be discouraged. How- 
ever, the above statement is not meant to imply that 
good fit-up is not necessary if a degree of control, cost 
analysis and cost prediction is to be accurately main- 
tained. 


If weld metal was more thought of, and measured by 
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‘h the volume rather than lineal dimensions by engineers, de- narily take to design and construct a fixture by the so- 


nsion signers and shopmen, a better understanding could be called ‘‘conventional”’ method. 
© ae had for quality, safety, costs, improvements of designs It is seldom necessary to assemble a fixture for a GA 
mena and fit-ups. Money spent in obtaining good fit-ups is weldment by machining all the component parts or the e. 
' that readily saved in the welding. Although the are welder unit as a whole, as this method is extremely expen- ie 
meet is a versatile tool in the joining of metals, it is the most sive. Milling, planing and drilling of certain parts % 
nefits abused method or process used in the production of can be done much more economically before welding - 
parts. than after. For those parts that are deemed necessary, < ‘a 
templates or full size layouts can be furnished for burn- F 
METHODS AND PROCEDURES ing, shearing and machining operations, using tem- ey 
\FFECTING QUICK AND ECONOMIC plate paper usually abundant around engineering and soe 
MANUFACTURE drafting offices. Here again by using the proper meth- * é 
ods and procedures and premachining of parts, by utiliz- * 
ing at all times standard cold-rolled stocks and struc- by 
The most economical procedure in the creating of fix- tural shapes, the cost can be kept to a minimum. 
tures for the welding department must start with execu- The above may involve welding sequences, welding 
tive policy. Place a qualified member of the organiza- of dissimilar metals, hard surfacing, carbon are welding, ¥ 
tion in charge of this phase of welding engineering, an- brazing, bending and straightening with the torch, ete., fe 
swering only to top management. He should be shop but will prove to be no obstacle if the proper methods 4 
wise, able to recognize a real problem and find the and equipment are put to use. aa 
arc. proper solution to it. A knowledge of the problems con- Simple geometric structures and shapes utilizing the te 
ures fronting the welding shop is obtained only by direct and simplicity of design for welding makes for a better job | 
continuous contact. It is quite obvious that he must and eliminates a large percentage of errors. For fixtures 
have a good background of knowledge in welding engi- designed and constructed with rigid and fixed joints, to : 
ty of neering and machine trades work. hold close tolerances which are subjected to heavy P 
ning Other matters of importance to the successful func- loads, normalizing is important for relieving stresses, % 
quite tioning of the — The member chosen should but under ordinary conditions the welding fixture will ee 
inka, have access to and be familiar with company tool and not require such attention. , 
f dif. steel stores; he should have complete cooperation of all a 
sien the departments of the shop; and he should be well ESSENTIAL FACTORS IN CREATING a 
i te acquainted with the pre duct that is being produced and FIXTURES pe 
tinal the existing equipment that is being used to produce it. 
veld- Some organizations furnish a list of quantities, di- Essential factors in the creating of fixtures are accu- 
tab- mensions and types of surplus stocks for the convenience racy, versatility, strength and rigidity, flexibility per- 
hich of those engaged in fixture design and construction, mitting quick changes and improvements, productive- z 
dial which often avoids unnecessary bottlenecks.. The scrap ness and safety. 4 
tool bin will often produce many items of value in carrying If a fixture can be so designed to facilitate the assem- : 
p in- out the program. bly of a weldment by using it as a straightening, check- ‘ 
ngs He should have at his disposal an area located near ing device as well as a positioner, it is more than doing 
‘xl the welding department and machine shop, as shop con- the job required of it. One would not expect, the milling 
wa ditions permit. Equipment necessary to perform a high machine to mill and strgighten a steel bar or the drill 
standard of work include oxygen and acetylene cutting press to measure and check dimenstons of a casting. “4 
— and welding apparatus, 400-amp. d.-c. welding machine, However, it is obvious that costs expended in obtaining x 
uta drill press, = saw, grinder, vise, layout table, draw- the above mentioned objectives are well compensated Z 
wuld ing board, transit level and small bench lathe. Facili- for, where less than 100% inspection is concerned. a 
i ties for the handling of heavy material are also neces- It having been my experience to be familiar with sev- x 
oon pen = eral different types of fixtures, some of which were de- = 
on 1e cost of tool design can be eliminated on welding signed and made by engineering companies that special- he 
‘a fixtures if they are developed, in a manner such as will ize in this type of work, I have noticed the tendency to 1 
ch be described, by the use of production drawings. conserve material from the standpoint of strength and . 
ae lime is a vital factor in making fixtures for rush rigidity has resulted in a poor design. After a short g 
° orders and it is often necessary to make alterations to period of time these fixtures had to be reworked in bi 
fit shop conditions and engineering changes. In the order to hold parts properly. : 
si majority of cases a suitable fixture can be created at a It cannot be emphasized too much that fixtures made ; 
no renscnanee cost in a minimum amount of time, as com- for holding parts in their established relationship which ‘ 
pared to the methods of some organizations which are subjected to stresses, heat and distortion, be made . 
a operate and maintain tool design and tool making de- heavy and rigid beyond a shadow of doubt. On thin : 
- partments. In a contract shop it is quite often that a metal, mechanical restraint alone will not prevent ? 
given job being processed on an incentive basis may be warping and buckling if the fixture design does not pro- S.. 
by 


tooled up and completed in the time that it would ordi- vide for absorption and dissipation of excess heat. 
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Clamping devices, of which there are many types, are 
of the utmost importance in the efficiency of operation. 
The fast action type clamps have proved to be a versa- 
tile and simple method of holding parts with a minimum 
amount of adjustment. 

Loose parts, such as pins, gages, bolts and nuts prove 
to be a real problem by becoming damaged and lost. 
The best solution to this problem is to make as 
many of them permanent as possible. A standard 
hardened pin with a retractable collar has been used 
successfully, but caution should be exercised in the 
hardening process due to the rough usage encountered 
in weld assemblies. Additional expenditures involved 
in these improvements will soon be regained in the sav- 
ings realized on replacement of lost and damaged parts. 

On relatively large structures such as are frequently 
assembled and welded in the railroad and ship-building 
industries, involving heavy sections and subassemblies, 
it is necessary that fixtures be rigid and have the 
strength to stand excessive weights and abuse as well as 
properly indexing the component parts.” Methods for 
their proper handling, clamping and positioning are of 
a somewhat different nature. Air jacks, clamps, wedges 
and gibs are utilized for clamping in the majority of 
cases. Difficulties encountered frequently in large 
structures are shrinkage, distortion and residual 
stresses. Fixtures with allowances for reverse camber 
are often used. 

A midwestern steel company fabricating subassem- 
blies for U. S. Naval Shipbuilding program during 
World War II for the type D.Y.F. minesweeper, de- 
signed and constructed four fixtures, each to facilitate 
the assembly and alignment of a complete bottom shell 
section including all the transverse and longitudinal 
members and shell strakes. Provisions were made for 
maintaining the proper curvature of the shell section 
from bow to stern. This was accomplished in the same 
position as the sections were erected on the ways in the 
main yard. 

A very clever idea was originated by a leading freight 
car manufacturer in the fabrication of their patented all- 
welded draft lugs and center filler used in freight car 
center sills. The positioning for the lugs for this job 
takes advantage of the law of gravity with specially de- 
signed skids made from steel rails, utilizing air jacks at 
each end at intervals. The sill, comprised of 40 to 50 
ft. special Z sections, was started at the top where posi- 
tions were provided for two welders. The required 

number of positions were spaced down the incline to 
complete the assembling and welding of each of these Z 
sections when it reached the bottom. This particular 
method eliminated much needed crane service for other 
work being carried on and at the same time provided 
the necessary positioning for the use of E6020 and 
£6030 type electrodes. The brief descriptions presented 
above are typical of heavy construction and the limita- 
tions are not confined due to size or weight. 

An example of making the fixture do other than as- 
semble, straighten and check: A very irregular and 
complex subassembly consisting of four parts, flame cut 
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and formed from one-quarter-in. plate, was indexed anq 
welded. Due to its irregular shape, fit-up was jot ql. 
ways of the best. Naturally, the heat from \ elding 
caused some distortion. The drawing specified | wely, 
7/y-diam. holes. Four of the holes were used to \ocate 
the assembly in proper relationship to its componen; 
part in the next operation. Being designed for a meta). 
to-metal fit, a great deal of accuracy had to be maip. 
tained in the final assembly. Twelve machine! anq 
drilled blocks were installed on the back side of the fiy. 
ture to take a special marking punch, which was used ty 
locate holes accurately for the drilling operation afte; 
completion of the welding. 


IN PREPARATION FOR 
AUTOMATIC WELDING 


Joint design, preparation, alignment and the contro! 
of the highly fluid molten metal are problems well 
known and provisions for backing, clamping and the 
dissipation of heat are important to the successful fune- 
tioning of the indexing and positioning equipment used, 
but two important factors are often overlooked, namely 
Time and Mobility. 

Where production requirements necessitate the weld- 
ing of different items each day and also where produc- 
tion is required for identical items, the problem of time 
(minutes per hour the arc is in operation) is known and 
expressed in per cent as “‘operating factor.”’ 

In order to maintain a high operating factor, a new 
service, which provides for the welding head to be 
brought to the work, has been introduced, namely the 
“are positioner.”’ It provides for greater mobility and 
a decreasing time loss factor. : 

The Are Positioner consists of a beam, vertical gear 
shaft and motor. A traveling ‘‘Lincolnweld” head and 
carriage is mounted on the beam. Vertical adjustment 
covers a height of 8 ft. and the beam length rotates 360 
and may provide for a radius of 20 ft. or more of hori- 
zontal are travel. 

It is obvious that with this type of equipment a 
number of fixtures can be used within the vertical and 
horizontal limits and the duplication of fixtures for in- 
creased production is justified. 


PROBLEMS OF RECORD AND 
STORAGE 


The problems of storage of fixtures, where the number 
involved is quite large, is readily solved if tool numbers 
or other means of identification are recognized as im- 
portant. It is quite often the case that persons un- 
familiar with fixtures are required to identify and use 
them. 

Although I have never seen this method in use, | be- 
lieve that a color scheme could be made adaptable as 4 
means of identifying fixtures where production involves 
the use of several types or models of equipment—a color 
being assigned to a given model, etc., for all the fixtures 
pertaining to it. By numbers following the primary 
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PARTS LIST 


05700C CHANNEL 


05700! PIPE 


057002 PLATE 


SEE DETAIL OF PARTS 


Fig. 1 


identification an accurate check could be kept on the tions, if required. If production operations can be de- 

number of fixtures involved for each particular unit or pended upon to be exact, and this is one of the big ga 

model. “TF’S” in mass production of piece parts, punched “aH 
All stencils or tool markings should be large enough to holes, flame cut and sheared edges for alignment pur- 

be seen from a distance of 10 ft. or more. poses, may be used. The determination of the pro- 


cedures and the establishment of an orderly sequence 
of operations are problems of concern to the fixture de- 


GAGING POINTS 


signer. 

It has been proved essential to the successful per- Proper allowances for shrinkage is a problem quite 
formance of fixtures that gaging points be determined often encountered and regardless of the method used in 
for location of component parts of the weldment. obtaining the desired results, flexibility in the design of 
These finished holes, edgesor cornersare followed through fixtures permitting quick and easy changes and improve- 
in the weld assembly and subsequent machining opera- ments is commendable. It is not unusual for the picture 


ITEM 
' 1 j7zxes *[ . NOTE: ITEMS 1 AND 2 TO BE INDEXED AND WELDING 
T 7 COMPLETED BEFORE ITEM 3 IS LOCATED, TO 
2 3 | 35 DIA. x 14g EXTRA STRONG PIPE INSURE PROPER ALIGNMENT OF ALL HOLES 
3 3 2 x 6x 75 PLATE 
A.W.S. CLASS E60i2 ELECTRODE TO BE USED 


IN HORIZONTAL POSITION 


NOTE: MATERIAL MILD STEEL 
ALL HOLES DRILL " DIA. 
SURFACES BE ALL UNDERLINED DIMENSIONS IMPORTANT 
PARALLEL, SMOOTH AND AT 
RIGHT ANGLES TO CENTERLINE 


Fig. 2 
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to change between the paper stage and the final design 
to be used. 


SAFETY 


In considering safety factors all sharp corners or edges 
with which the operator might come in contact should 
be eliminated. The most comfortable positions for the 
operator should be kept in mind on fixture designs. 
Proper wiring arrangements of machine connections 
and grounds should be made so as to prevent any pos- 
sible grounding through cranes and hoists. 

In concluding these individual expressions, mention 
should be made of the interests, encouragement and the 
assistance management can give in such a rapidly mov- 
ing industry, where the necessity of keeping informed 
on practices within the industry—through research, 
trade journals, societies, vendors of equipment and visit- 
ing of plants in different sections—is concerned. 


For an authoritative source of information and rego. 
mendations on welding and its related activities, persons 
engaged in the welding industry can benefit by s\ippor. 
ing the AMERICAN WELDING Society. Their progray, 
aim of standardization is worthy of the support of the 
entire metal-working industry. 

The establishment of engineering and procedure 
trol for even a simple weldment is good practice. Fig. 
ures 1 and 2 are reproductions of a Bumper Weld Assen. 
bly designed for use on road building machinery. 

Figure 1 does not give all the necessary information 
concerning the weldment. 

Figure 2, beside specifying size of welds, gives other 
information essential to the welder, tool designer an 
inspector. Figure 2 utilizes and incorporates the know!- 
edge of the methods, procedures and techniques 
necessary in the mass production of arc-welded prod- 
ucts. 
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eldability of Cast Low Alloy Steels ‘ 

» Physical properties and weldability of some of the > 

newer cast low-alloy steels for high-temperature service Pe 

by V. T. Malcolm and S. Low 4. A.S.M.E. B.C.C. bend tests : 

5. Battelle weldability test 

HE recent issuance of A.S.T.M. Specification A217— While it is true that these properties, alone, do not en- ; 
47T, entitled “Alloy Steel Castings Suitable for tirely define weldability, it is nevertheless true that : 
Fusion Welding for High Temperature Service,”’ weldability, under a given set of conditions, may be a 
has focused the attention of many metallurgists and predicated on these properties. ae 
welding engineers on the problems of welding more Tables 1 through 5 show the chemical compositions 
highly alloyed pressure containing castings in both the and physical properties of the alloys in A.S.T.M. 
shop and the field. A217-47T. It may be noted from Table 1 that the A 
In order to help familiarize those who work with these various alloys can be grouped as follows: ye 


new materials in A217—47T, the Metallugrical Staff of 
The Chapman Valve Mfg. Co. has investigated some of 


the properties of these materials that are pertinent to Grade ___ Nominal Chemical Composition 
WCl 0.50% Mo (0.30% max. C) 
Welding, 1.€.. WC2 0.50% Mo (0.25% max, C) 
WC3 0.50% Mo, 0.65% Cr 
1. Room temperature physical properties WC3M* 0.50% Mo, 0.80% Cr, 0.015% V, 0.05% Ti 
9 ilatati . _— Wwc4 0.90% Ni, 0.55% Cr, 0.50% Mo 
> Dilatation — WC5 0.80% Ni, 0.70% Cr, 0.95% Mo 
3. Jominy hardenability WC6 0.50% Mo, 1.25% Cr 
WC7 1.10% Mo 
WC8 1.10% Mo, 0.20% V 
. T. Malcolm and S. Low are Director of Research and Research Engineer, e% O07 9 no, 
respectively, with the Chapman Valve Mfc. Co. wes 0.95'% Mo, 2.50 10 Cr 
This paper was presented before the Twenty-Ninth Annual Meeting, A.W.S., 
Philadelphia, Pa., week of Oct. 24, 1948. * The Chapman Valve Mfg. Co. Modification of WC3 (or C. M.C. V. T.) 


Table 1—Chemical Composition 


Mark x1 x2 x3 x5 x6 x? x8 x9 


0.21 0.19 0.22 0.23 0.25 0.20 


0.53 0.70 0.49 0.52 0.49 0.57 0.55 0.38 0.56 


0.029 0,030 0,032 0.937 0,031 0,032 


0.015 0.008 0.019 0.008 0.005 0.906 0.912 0.908 0,009 


nN 


0.¥ 0.32 0.53 0.38 0.33 0.37 0.17 0.31 0.38 


0.23 0,18 0.16 0.18 1,91 0.9% 0.19 0.48 0.20 0.36 


0.12 0.55 0.76 0.55 0.83 1.28 0,21 0.10 2.69 


o 

o 


0.50 0.49 0.45 0.52 0.94 0.44 1,94 1,04 1,00 


° 


0,03 0.03 0,11 0.93 0.92 0,02 0.92 0,24 0,04 


0.09 0.98 0.99 


0.99 0.97 


0,008 0.01 0,009 0.023 0,91, 0.009 0,011 0.008 0,009 0.910 


0.062 


Total Al, = % 0,060 0.970 0.071 0.967 0.054 0.989 0.989 0.070 
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4 

a 

= 

0.25 0.20 0.15 0.15 

| P -% 0.03% 0.035 0.947 0,023 

may 

- 

Cr 

8), p. 

0.08 0.99 0.99 0.99 ~ 0.08 
ay 


Table 2 gives the heat-treating and dilatation data stress-relief temperatures and Ac;. Figures 1 and 2 4), 
for all the steels in A.S.T.M. A217-47T. It may be photomicrographs of a welded coupon of Stee! Wo; 


noted that all of the steels have split transformations stress relieved at 1300° F. and 1450° F., respectively. 
occurring as low as 820° F. for WC5. This fact must be and then aged 15,000 hr; at 1025° F. The deleterioy, 
borne in mind in cooling weldments that have been effect of stress relieving above Ac; is shown by the 
heated above Ac;. The importance of adequate con- graphite nodules in the region of the Ac; isotherms of 
trols for stress relief may be seen by comparing the the heat-affected zone. This same thing might be gp. 


Table 2—Critical Points and Heat Treatments 
Grade wo2 WC3 WC 3M wou wo? wos we9 
Mark x x2 x3 X3M x4 x5 x6 x? x8 x9 
Normalize, °F, 1750 1750 1800 1800 1800 1800 1800 Anneal 1°09 Anneal 1900 Anneal 1909 
1600 1600 1600 1600 1600 Normalize 1750 Normalize 1750 Normalize 1759 
1650 1650 1650 1650 1650 ~ 
Drew, °F, 1200 1200 1325° 1325° 1325* 1325 1325 1325 1325 1325 


Stress Relief, °F. 


1325 1325 


Ac), 


Ac, 


Ac, op, 1580 1600 1580 1540 1500 1540 1560 1580 1580 


1040 


Fig. 

980 1000 = 

* 1325°F, Drew is used for maximum Carbide Stability et elevated temperature end for greeter ductility. es: 
Gr 

Table 3—Room Temperature Physical Properties ° 

Grade wel we2 WO 3M wel wee wc? wes weg A. 
Be 
Tensile Strength, 
Yield Strength, 0.2% Offset, 49,000 60,000 «63,500 62,000 «68,750 70,000 «63,750 «$0,000 52,500 51,200 
Proportional Limit, p.r.1. 42,000 46,000 49,000 47,000 57,500 65,000 57,500 %7,500 4&2,500 50,00 
Elongation in 2",% — 24,0 23.5 28.0 29.0 25.0 22.0 26.0 25.0 29.0 26.0 ? 
Reduction of Ares, & 49.0 47.0 6.0 54.0 42.0 37.0 55-7 36.0 54.0 36.0 : 
Brinell Hardness, Kg/mm~ 152 156 160 169 179 170 170 170 167 in 
Bend Test, Degrees to Fracture 180° 180° 180° 180° 180° 135 180* 180* 180° 
Keyhole Charpy Impect, Ft. Lbs. 20.5 22.0 23.5 23.0 20.0 21.0 24.0 22.0 26.0 24.0 


* Wo Fracture. 


Grede’ 
Mark 
Distence from 


Quenched End 
Sixteenth of Inch 


x3 X3M x4 X5 x6 x7 XB x9 


32 


Area under the 
Hardenability 
Curve, So, In. 
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861200 1200 1325 1325 1325 
24 om *?. 1380 1360 1380 1380 1370 1400 1400 1370 1400 1380 : 
1590 
Ar,, °F. 1480 1460 1460 1380 1360 1420 1420 1420 
a Ar,, °F. 1360 1380 1320-1300 1280 1400 1350 1330 1410 1320 
: Table 4—Jominy Hardenability Data, Austenitized at 2100° F. 
we wo2 
1 42 43 35 43.5 47 46 ul ho 
ae, 4 33 35 25 ho 47 47 39 39 35.5 39 
8 28 28 31 ho bls 3 3 30 3 

oa) 12 25 22 22 26 36 38 30 26 28 27 

a 16 22 20 21 23 32.5 37 27 24 26 24 
ae 20 20.5 19 19.5 20 30 35 26 24 25 23 
a oo 24 20 18 18 19.5 29 33 26 23 24 22 

a 28 19 17 17 18.5 27 3 2k 21 24 21 
ee a 18 16 15 18 26 33 23 21 23 20 
7.08 6.58 5.89 7.50 10.57 1.83877 7.96 - 7406 7.85 

ne | Malcolm, Low—W eldability of Cast Low-Alloy Steels ee 


d 9 a > 
‘terious 
DY the 
‘Tms of 
be ac. 

re 1759 
Fig. 1 Welded coupon. Low-temperature heat-affected Fig. 2. Welded coupon. Low-temperature heat-affected on 
sone. 500 X. Etch: Nital-Picral. Stress relieved 1300° F. zone. 500 X. Etch: Nital-Picral. Stress relieved 1450° F. a 
Table 5—Weldability Data 
Merk x2 x3 X5 x? xB x9 
3 
weg A.S.M.E. B.C.C. 
Bend Tests 
7,000 Preheat, °F. 600 600 600 600 600 600 600 600 60 600 Bs 
300 Stress Relief, °F. 1200 
50,000 Electrode t E7020 E7020 37020 E7020 E8020 E9020 37020 E7020 38020 E7020 
26.0 Free Bend ha 4 
6.0 Degrees to Fracture 180° 180° 180° 180° 180° 160 180° 180° 180* 180° ; 
n Face Bend ; 
Degrees to Fracture 180* 180* 180* 180° 180° 170 180° 180° 180° 180 
80° ¥ 
Root Bend * 

4.0 Degrees to Frecture 180* 180° 180* 180° 180° 150 180° 180° 180 180 

Degrees to Fracture 380° . 160° 180* 180° 180* 145 180° 180* 180 180 
Battelle Weldability 
Test, Crack Le. in MM, 0 0 0 0 16.0 25.0 0 11.5 9) 5.5 + . 
weg 
x9 t In all ceses an Electrode wes chosen so thet the Composition of the Weld Metal closely matched the Composition of the Base Metel. 3 
pice * No Fracture, 
Table 6—The Deposition of Weld Metal Meeting the Requirements of A217-47T Grade WC4, Using a Mild Steel Rod fo 
Alloy Additions Physicel 
Chemica) Bese to Melt - * Per cent Properties Bese Reet Affected 
39 Composition Mets} Rod & By “eight Depos Recovery (Ae Stress Relieved) Metal Deposit Zone “sf 
c. 0.23 0.11 0.17 Tensile Strength, psi 87,000 80,500 82,100 
3 
; 0.52 0.41 0.69 Proportional Limit, psi 53,000 46,000 42,000 a 
27 
Si. 0.38 0.11 0.27 Yield Strength, 0.2% Offcet, psi 65,000 57,000 55,000 : a 
2h 0.037 0,008 0,012 Elongation in 2", % 24.0 24.0 20.5 ag 
23 8. 0.008 0,010 0.008 Reduction of Area, % 41.5 40.7 39.0 ee, 
Cr. 0.55 0.04 0.93 Carbon 0.54 83.0 Brinell Hardness No. 187 189 194 
Ferro Cr.(65% Cr.) 
1 Mi, 1.01 0.07 1,0 Bleck Wickel 0.76 88.5 Keyhole Charpy Impact, Ft. Ibs. 20.0 23.0 22.0 j 
Oxide (78% M1.) q i 
4 Mo. 0.52 0.01 1.0 Molybdenum 0.52 93.0 Free Bend; Degree to Fracture 180 180 180 
Oxide (55% Mo.) 
* Melt Burden - 1:1, Melt composition mst be belenced to insure proper slag-metal reactions, e 
t No Frecture, 
NAL 
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complished by poorly controlled stress 
relief during fabrication in the field. 
It is obvious that the thermal reg- 


A. S. T. M. END QUENCH TEST 
FOR HARDENABILITY 
OF STEEL (A 255 - 46 T) 


DATE 8-16-48 

Laponatony Valve We Valve Wiz. Co, 
TYPE SPECIMEN 


ulation for stress relieving this steel TYPE 


HEAT NO. 


craw 1c} P| S| Ni | Cr] Mo| | 


must have an accuracy not less than A21 7-470 


X1722 


6-8 ).22] 0.45, 030.0080.500.10 0.540.740.1 See [Note 


+5%. Another solution of the prob- 


lem is the use of a lower stress re- 


lieving temperature, sacrificing some 


of the carbide stability and ductility REMARKS: 


Quench From 2100°F. 


in the steel. 


Quench From 1750°F. 


Since it has recently become the 


vogue to evaluate weldability in 


terms of hardenability, the Jominy 


hardenability data are included in the 


APPROXIMATE COOLING RATE, °F. PER SECOND AT 1300 F. 


report for comparison. It may be 


noted that the newer grades of 


= 


A.S.T.M. A217-47T limit the height ~ 


| 

| 

+ 

| 


of the hardenability curve, but not 
the area. In all cases the Jominy 


hardenability specimens were austeni- 


a 
° 


| 
| 
t+ 


} 


tized at 2100° F. to insure complete 


a 


‘arbide solubility and to simulate the 


8 


cooling rate, at the interface, of a 


single bead made on an unpreheated 
‘vasting. Figure 3 illustrates the effect 


of increasing the austenitizing tem- 


+ 
1} 
tT 
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perature on the hardenability of an 
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experimental steel of modified Grade 


+t 


WC3 composition. 
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One of the main difficulties encoun- 
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—+ 
=e 
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+ 
-+ 
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tered in the weld repair or fabr:- 
vation of some of the new grades 
of A.S.T.M. A217-47T been 
the procurement of suitable welding 
electrodes to match the composition of the base 
metal. While it is a simple matter to procure electrodes 
that will develop the required tensile strength in the 
weld deposit, it has always been the policy of the Chap- 
man Valve Mfg. Co. to match the composition of the 
weld deposit and base metal to insure maximum carbide 
stability, oxidation resistance and creep strength at 
elevated temperature. 

The matter of matching the composition of the base 
metal and weld deposit is most easily accomplished in 
either the semiautomatic or automatic submerged, or 
hidden are methods. The required alloying elements 
‘an be readily added through the melt. A typical ex- 
ample of alloying through the melt is given in Table 6. 

One of the greatest advantages of the alloying 
through the melt is the simplification of welding rod 
inventory. Ordinary high-grade carbon steel electrode 
‘an be stocked to weld a large number of alloy grades of 
steel. While it is true that special melts must be com- 
pounded, a technician can mix hundred-pound lots very 
easily in a small batch mixer. 

While all of the steels included in A.S.T.M. A217-47T 
are readily weldable, both in the shop and field, certain 
precautions must be taken. The minimum preheat 
recommended by the Chapman Valve Mfg. Co. for 
Grades WC1 through WC9 is 500° F., with 600° F. 
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10 12 14 #16 #18 20 22 24 26 28 30 32 34 36 38 40 


DISTANCE FROM QUENCHED END OF SPECIMEN IN SIXTEENTHS OF INCH 


Fig. 3 


preferred. It is imperative that this heat be maintained 
throughout the entire welding operation if sound, crack- 
free weldments are desired. The isothermal transfor- 
mation diagrams are shifted so far to the right, for all 
these steels, that the cooling rates must be quite slow if 
the formation of martensite is to be avoided. 

Figure 4 shows a 10-in. List 1500 W.E.O.S. valve of 
the welded body and bonnet type. The body and bon- 
net are made of A.S.T.M. A217-47T Grade WC3M 
(C.M.C.V.T.). The welding data for the body and 
bonnet joint are as follows: 


Preheat: 600° F., obtained with ring-type propane- 
fired furnace, electronically controlled. 

Stress Relief: 1325° F., obtained with ring-type 
propane-fired furnace, electronically controlled. 
Electrode: */in. diam., A.W.S. E7020 (0.50 Cr, 

0.50% Mo) 
Voltage: 26 V., A. C. 
Amperage: 480 Amp. 
Welding Control: Electronic 
Inspection: 
(a) X-ray and magnetic particle inspection of 
‘astings prior to welding. 
(b) Ronay Arcronograph inspection and control 
during welding. 
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Fig. 4 Ten-inch List 1500 W.E.O.S. welded body and 
bonnet valve 
(c) Gamma-ray and magnetic particle inspection 
after welding. 


It is hoped that the information in this paper will aid 
those who are concerned with the field and shop welding 
of these materials. Our experience, both in the shop and 
field, has proved that the use of the recommended stress 
relief and preheat temperatures will insure trouble-free 
welding experience. All of these grades of cast alloy 
steel are inherently as readily weldable as their cor- 
responding wrought grades, provided the necessary 
precautions are taken. The field joining of pressure 
containing cast parts of these alloys to the equivalent or 
other grades of pipe or tubing can be carried out satis- 
factorily, 
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by R. L. Rex 


Summary 


Tardy application of the internal combustion engine as a prime 
mover for locomotives has given way to rapid and remarkable 


developments in this type of motive power, which is now becom- 
ing the dominant power source in the railroad industry. How- 
F ever, operational economies of Diesel locomotives are offset by 
; their higher initial cost, and call for rigorous maintenance ef- 
i ficiencies to maintain the advantages of the Diesel over other 


types of locomotive. 

Welding processes, especially new developments in arc-welding 
techniques, are making a major contribution to the high stand- 
ards of maintenance economy required by Diesel locomotives. 
The rapidly increasing dominance of Diesel equipment will still 
further emphasize the importance of welding applications in this 
field. 

Some of the more interesting welding applications in current 
Diesel locomotive maintenance practice are outlined in this 
paper, such as rebuilding Diesel bodies, braze-welding repair of 
engine bases, and reclaiming of engine valves, bearings, alum- 
inum pistons and cast-iron cylinder heads. 


INTRODUCTION 


PPLICATION of the internal combustion engine as 

a prime mover for locomotives was relatively slow, 

especially considering its comparatively rapid evo- 

lution and extensive use in other fields of trans- 
portation. However, the rapid- and remarkable de- 
velopments in this type of locomotive power in recent 
years have led to the availability today of either two- 
stroke or four-stroke cycle type in any size needed to 
meet the requirements of railroads. 

As a result of this development, Diesel electric loco- 
motives are being applied to railroad service in con- 
stantly increasing numbers. They are today employed 
not only in switching service, but also in large numbers 
for high-speed passenger and freight service. 

Introduced in 1924, Diesel locomotives have proved 
more economical than steam in many instances because 
of their higher availability and utilization. They afford 
a number of advantages, such as a more rapid accelera- 
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» Welding contributes to the high standards of maintenance economy 
required by the Diesel locomotive. Some of the more interesting 
welding applications in current maintenance practice are outlined 
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tion from rest or reverse to permissible speed forward 
following slowdowns. Coal requires more rolling stock, 
as the heat content of 12 lb. of coal is about equal to that 
of 1 gal. of Diesel fuel oil. The oil fuel-affords greater 
efficiency, less bulk and more convenient handling 
Water costs and the quantity of cooling water used in 
Diesel electric locomotives are insignificant, when com- 
pared with water required for steam locomotives. 

Detailed comparative discussion of the two types of 
locomotive has no place in this paper. But, the com- 
parative economies of these two sources of motive power 
have a distinct bearing on the write-off of capital 
charges and on the consequent importance of efficient 
and thorough-going maintenance techniques. Since the 

Diesel electric locomotive purchase price is from 1'/; to 
2 times that of comparable steam locomotives, it must 
provide a higher return—either in money saved, or in 
services rendered—if it is to justify the greater initial 
cost. 

Although the Diesel is definitely established as a 
source of locomotive power and possesses inherent 
advantages over modern steam, certain design improve- 
ments must be met, and long-range maintenance costs 
must be pared to the bone, if the Diesel is to maintain 
its edge on other types of motive power. 

Diesel equipment, unlike steam, suffers no decrease 
of efficiency or capacity under low-temperature condi- 
tions, which still further increases its availability and 
utilization over that of steam when considered on the 
basis of year-round performance; but the Diesel in- 
volves certain maintenance difficulties not emcountered 
in steam. It employs a number of reciprocating parts 
which involve a constant possibility of failure, threaten- 
ing sufficient reduction in capacity to cause delay en 
route, even though locomotive cutout may not occur. 
Water, heat and cooling systems of the Diesel further 
complicate its maintenance. 

The increasing demand for this type of equipment 
has led to a broader understanding of maintenance prob- 
lems peculiar to the Diesel, a broader application of 
parts repair instead of more costly renewal and a refine- 
ment of repair and maintenance techniques. Increased 
experience with Diesel maintenance is enabling '0- 
creased utilization through careful planning and pric- 
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tice of scheduled preventative maintenance and opera- 
tion. 

It is the purpose of this paper to illustrate the par- 
ticular emphasis of welding techniques and applications 
upon the refinement and extension of Diesel mainte- 
nance practice. Only a few of the more interesting types 
of maintenance welding can be described here. But, 
current practice includes a wide variety of welding 
applications, and promises even broader use of welding 
techniques as increasing numbers of Diesel locomotives 
go into service. 


REBUILDING DIESEL LOCOMOTIVES 


An excellent example of the employment of oxyacety- 
lene and arc-welding processes to Diesel locomotive 
maintenance on a major scale is their application to the 
repair of damaged locomotive bodies. Figure 1 shows a 
locomotive body so seriously damaged that it appeared 
beyond repair. To replace it would have cost many 
thousands of dollars. 

In addition, new parts required to make the repair 
were not available. It was therefore necessary to make 
the parts required in order to put the locomotive back 
into operational condition. So, the ever resourceful 
railroad people set about to quickly and effectively get 
the locomotive back into service. Without welding and 
cutting apparatus and techniques, this repair could not 
have been accomplished. 

The bent beams, body ends and sheeting were re- 
moved by means of the oxyacetylene torch, leaving the 
locomotive stripped down to the base of the damaged 
sections, as shown in Fig. 2. New sections were made 
and are welded into place. 


Fig. 1 


Where heavy stresses were apparent, the beams were 
reinforced by welding overlapping plates into position, 
covering the joints in the beams. In Fig. 3, body beams 
and diagonal reinforcement angle are being arc welded 
into position. 

The fuel tanks, which had been torn anc bent, were 
straightened. The damaged sections were cut out and 
new ones welded into place. Other damaged parts, 
such as cabinets, draft gear, supporting frames, head- 
light, roller bearing journal boxes, electrical parts, body 
beams and antislewing devices, were all repaired and 
the locomotive put back into service in a short time, at 
a minimum expense, good as new and without trace of 
the original damage. 


REPAIR OF ENGINE BASES BY BRAZE 
WELDING 

When Diesel equipment first came into railroad serv- 
ice, the lack of familiarity and experience with its 
maintenance led to many unnecessary expenditures for 
new replacement parts where effective repair could have 
been accomplished at a great saving. Diesel mainte- 
nance seemed shrouded in mystery in the face of main- 
tenance practice on steam locomotives. But welding 
techniques soon became so important to economy in 
Diesel locomotive maintenance that the railroad people 
have learned to avoid replacement with new parts until 
every practicable effort has been made to accomplish 
effective repair. 

There is the case of a major railroad which was faced 
with a considerable expenditure for replacement parts 
when three cast-iron Diesel locomotive engine bases 
broke in rapid succession. Welding specialists were 


Fig. 2 


Fig.l Cabend of a Diesel locomotive badly damaged in a wreck. Without the use of welding applications, it could not 
Fi have been repaired 
ig. 2. Damaged sections of locomotive have been removed by oxyacetylene cutting torches, preparatory to rebuilding 


DeceMBer 1948 


Rex—Diesel Locomotive Maintenance 1035 


4 
vi 
4 
4 
3 
ed 
in- 
in 
4 
4 


Fig. 7 


Fig. 


halk. 

eady | 

Flu 

75 Ib. 

; engine 
Fig. 3 

ibout 

Fig. 3 Body beams and diagonal reinforcement angle being welded into position during rebuilding of locomotive body ratio’ 
Fig. 4 Fractured engine base of a Diesel locomotive in a preheat oven preparatory to welding. The break, outlined in te 

chalk, is beveled and ready for brazing avoid 


engine 
called in to determine whether they could be repaired. 


After inspecting the breaks, the welding specialists 
recommended oxyacetylene braze welding, which 


in these bases led to the following method of repair: 
Each base was first chipped in preparation for braze the si 
welding. Then, to maintain alignment, an old axle was All 


nace. 


proved to provide a satisfactory solution. machined and fitted into the bearings. 

In each case, the engine base fracture developed on heating furnace constructed of firebrick, the bases were 
the generator end, and extended up and across both heated to about 900° F. with a charcoal fire. In Fig. 4, 
sides of the oil compartment. Study of the fractures one of the engine bases, with its fracture outlined by 
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Fig. 5 Diesel engine base after welding and removal from furnace 
Fig. 6 Close-up of the completed weld on side of a fractured engine base 
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Fig. 7 


Fig.7 Aluminum Diesel engine pistons which cracked across the top of the head. The one on the left has been re- 
paired by arc welding. The other two have been veed out in preparation for welding 

Fig. 8 Preparatory to arc-welding cracked aluminum pistons, a furnace of firebrick is built up around the piston to 

preheat it and maintain preheat temperature during the welding 


halk, is seen in the preheating oven. It is beveled and repair. Trouble had been experienced with cracking 


ready for brazing. across the top of the head of aluminum pistons used on 
Fluxes were used in the braze-welding operation, and Diesel switching locomotives, and in this instance new 
75 Ib. of bronze welding rod were used on the three pistons were not available. 
engine bases. Two welders worked simultaneously for These pistons were 18 in. high, 12° , in. in diameter, 
ibout 12 hr. on each base. Following the welding op- and 2°’; in. thick at the top of the head. In Fig. 7, the 
wy eration, each base received a postheat treatment to left piston has been repaired by are welding, and the two 
avoid too rapid cooling. Figure 5 shows one of the on the right have been veed out in preparation for 
. engine bases after welding and removal from the fur- welding. 
vai! nace. Figure 6 is a close-up of the completed weld on In preparing the pistons for welding, they were 
case the side of the engine base. soaked in a carbon solvent. The crack in each was then 
~ All three bases were soon back in service and func- chipped out, and the piston was preheated for welding, 
ial tioning perfectly. Not only was the repair by braze using a mild torch preheat of about 300 to 400° F. For 
— welding quick, but it was effective 
t and very economical. The railroad 


estimates that about $15,000 was 
saved by repairing the bases instead 
of replacing them. 


RECLAIMING ALUMINUM 
PISTONS 


A continuing problem in Diesel 


locomotive maintenance has been 


that of reclaiming aluminum pis- 
tons. Formerly, damaged or worn- 


out pistons were replaced by new 


ones. But increased experience with 
Diesel repair has shown that it is 


practical to repair such pistons by 
the application of welding processes, 
and at a very considerable saving 
over the cost of new pistons. Early 
practice in this field employed oxy- 
acetylene welding, but this method 
is being largely replaced by are- 
Welding processes. 


Fig. 9 Fig. 10 

Are welding has been applied with 

cinsiders] Fig.9 An aluminum piston, which has been prepared for inert-gas-shielded 
a erable success by one railroad are welding, is placed lengthwise on ball bearing rollers to facilitate turning 

which formerly used new piston re- " during the welding operation , 

Fig. 10 An aluminum piston which has been repaired by inert-gas-shielded 

Placements instead of attempting arc welding and is ready for machining 
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Fig. 11 A welded and finished aluminum piston prior to 
removal from the boring mill 


the preheat and the welding operation, firebrick was 
built up around the piston, as shown in Fig. 8, to permit 
retention of heat. The success of this method has led to 
the design of a container walled with asbestos for pre- 
heating the pistons. 

Aluminum electrodes were used in the welding opera- 
tion, best results being obtained by the use of a '/4-in. 
rod. Experience accumulated on this job has brought 
about certain specific procedures. The are is crowded 
as closely as possible and moved along quite rapidly, 
with the are well up on the side of the groove. As each 
pass is made, the deposit is chipped, particularly along 
the edges, and all slag is carefully removed. After the 
weld is completed, the piston is covered and allowed to 
cool slowly. 

Some of these pistons have been in service for a year 
or longer since repair. That is practically equal to new 
head service, and none of the repaired heads has failed 
as yet. The repair welds have only 0.003 to 0.005-in. 
distortion, and as there is 0.040-in. tolerance between 
the cylinder bore and the piston diameter, they are well 
within the limit. Nor is there any distortion on the 
wrist pin holes. 

New pistons of this type cost $170 each. Reclaiming 
them by the method described cost only about $15 each, 
including all labor, welding material and welding time. 
Thus, over 90% of the cost of a new piston is saved on 
every piston repaired. 

A new development of some significance in the repair 
of aluminum pistons is the use of the inert-gas-shielded 
are-welding process. Recently, a Midwestern railroad 
experimented with this application and, although the 
piston used for the experiment had been prepared for 
gas welding instead of inert-gas-shielded are welding, 
the figures nevertheless give an interesting picture of 
the potential effectiveness of this application. Had the 
piston been prepared for the process used, instead of for 
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gas welding, less filler metal would have been used, and 
the welding time would have been cut down consider. 
ably. ; 

The piston used for this experiment measured 121, 
in. outside diameter and 20 */;¢ in. over-all length, ang 
weighed 103 Ib. A groove 4 '/, in. wide and '/, in. deep 
was machined in the ring area. The entire cylinder was 
preheated with an oxyacetylene flame, using a multiple. 
flame torch tip at about 300° F 


For the welding operation, alternating current in th 
300- to 500-amp. range was employed, with a 400-amy 
industrial type transformer welder as the source of the 
current, provided with a spark-gap oscillator. Argo 
for the inert-gas shield was used at a rate of about 15+, 
18 cu. ft. per hour. The piston was placed lengthyis 
on ball bearing rollers (Fig. 9) to facilitate turning ¢\ 


piston while welding was in progress. By this mean: 
distortion was minimized. F 
The entire welding operation utilized 12 Ib. of draw, i 
Silicon aluminum welding rods of in. diamet, Wel 
Build-up was accomplished by using a beading tech- 
nique. Four layers were required to fill the depth of ¢! nl 
groove. The first three layers took 8 beads, while tly — 
last, or finishing layer, was made in 12 beads. Many nae 
welding speed was about 6 to 8 in. per minute. Fign aT 
10 shows the piston after completion of welding, }) yen 
prior to machining. Figure 11 shows the piston befo ie 
being removed from the boring mill, having been welded — 
and finished. sre 
Had the piston been correctly prepared for the pror- Fig 

ess used, instead of for gas welding, it may be assume! HJ phose 
that, based upon the speed mentioned above, and with J weldiy 
allowance for incidental interruptions, the total welding HJ pandh 
time would have been approximately 6 to 8 hr., with Hi proce, 
argon gas consumption fo 125 to 160 cu. ft. per piston. I The 

It is clear from this test that the inert-gas-shielded J ping. 
are process for aluminum piston repair will result prepa 
reduced maintenance costs if a sufficient amount of this J firebri 
kind of work is done to warrant the purchase of equip- ¥J to the 
ment for use of this process. the fu 
36x 4 

and f 
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Fig. 12 Cast-iron Diesel engine cylinder heads which have 

cracked at the turbulence chamber and across the brids 
between the valve ports 
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Fig. 15 


Fig. 13 Cast-iron cylinder head after preparation for oxyacetylene gas welding 


Fig. 14 


Fig. 15 A welder at work on a cast-iron cylinder head 


WELDING CAST-IRON CYLINDER HEADS 


An important phase of Diesel locomotive mainte- 
nance is the repair of cast-iron cylinder heads. Their 
failure usually occurs as a result of fracture and/or 
deep-recessed seats. The technique used in their repair 
lepends upon how finished a job is desired. 

One large Northwest railroad, like others using Diesel 
electric power, experienced difficulty with cast-iron 
ylinder heads cracking both at the turbulence chamber 
ind across the bridge between the valve ports, as seen 
in Fig. 12. Most railroads have either been scrapping 
these heads or shipping them to outside jobbers for 
welding, but this railroad has found its own shops can 
handle this job with great success by using the following 
procedure : 

The fracture is entirely removed by grinding or chip- 
ping. Figure 13 shows a cylinder head which has been 
prepared for welding. The casting is then placed on 
firebrick at the bottom of the furnace, both for support 
to the bottom and to allow free circulation of flames in 
the furnace, as shown in Fig. 14. This furnace is about 
50x 40 in., and allows ample room between the casting 
and furnace walls. This space is then filled with char- 


coal, and covered with sheet asbestos. The head is 


Fig. 16 


A furnace of firebrick is built up around a cast-iron cylinder head for preheat and welding operation 


heated for about four hours, and is then slowly brought 
to an even cherry red by the use of two welding torches. 

Figure 15 illustrates the welding operation. It is 
important that it be performed only by a competent, 
experienced cast iron welder, as the deposit must be 
dense and nonporous and remain machinable. To ob- 
tain this result, '/s-in. cast-iron rod is used with cast- 
iron flux and applied by oxyacetylene gas torches. 

After welding, the casting is left in the fire and al- 
lowed to cool slowly. Ground asbestos is then packed 
in the furnace, covering both the live fire and the head. 
The cylinder head is then left to cool until the heat is 
completely dissipated from the casting. As this same 
asbestos is used time after time, it naturally gets filled 
with bits of unburned charcoal. This in turn ignites and 
tends to slow the cooling period to as much as five days. 
New asbestos requires less time to cool, and should be 
used where time is a factor. It is essential to the success 
of this welding procedure that the head not be removed 
until it has completely cooled. 
be removed for machining. 
areas on heads on which the first machine cut has been 
made. 


The casting may then 
Figure 16 shows the welded 


This maintenance operation alone has saved this 
railroad thousands of dollars, as total repair cost is only 


Fig. 17 


Fig. 16 Cast-iron cylinder heads showing the welded areas on which the first machine cut has been made 


Fig. 17 


A Diesel locomotive wheel on which the tread contour has been built up by welding without removing 


wheels or trucks 
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about $30, compared to the cost of $300 for the type of 
head shown in Fig. 12, and $180 for the type shown in 
Fig. 13. Further, the additional expense of shop tie-up 
time and shipment to a jobber are eliminated. None of 
heads repaired by this procedure has failed to date. 

The technique for reclaiming cylinder heads with 


deep-recessed seats and cracks is as follows: The af- 


fected areas are first machined so as to present new, clean 
surfaces for welding, and to provide greater space for 
weld metal. The affected areas are prepared by boring 
on a radial drill press or on a horizontal boring mill. 
If cracked, the cracks are removed by chipping and/or 
grinding. The valve stem bushings should be removed 
before preheating and welding. 

The cylinder heads are then placed for preheating by 
either gas or charcoal, which can be supplemented by 
two heating torches. The heat is gradually brought up 
to about 1200° F., and carbon plugs with land shoulders 
are placed in the valve ports to minimize the quantity 
of weld metal and to provide more upiformity in the 
hole finish for machining. Carbon plugs can also be 
placed in the fuel injection opening to prevent the 
molten metal from plugging that area. 

The weld metal is then applied in the affected area, 
maintaining the recommended preheat temperature. 
Care must be taken in the fusing of the base and weld 
metal to ensure a fine grain structure, and to eliminate 
porosity. 

After the areas are built up, hot flaked asbestos 
(crushed boiler lagging) should be used to completely 
cover the head, using about 3 in. of covering. The head 
is then allowed to cool slowly, and every precaution is 
taken to protect it from cold air drafts. Under no con- 
ditions are the heads handled or exposed until they have 
completely cooled. 


Fig. 18 The reclaimed Diesel engine valve on the left was 
placed in service simultaneously alongside the standard 
new factory valve on the right 


After 15 months of continuous service, the standard valve had to be 
replaced and showed '/\; in. wear on the seat face, whereas the valve 
reclaimed by hard facing showed only 0.0005 in. wear and was still 
good for many months of service 
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Fig. 19 Diesel engine valves of various sizes which have 

been reclaimed by hard facing. The four in the first roy 

have been built up on the stem by metal spraying, and are 
ready for finishing 


The heads are then ready for machining, which cay 
be done on a radial drill press, and/or a vertical boring 
mill. With proper heat control and welding technique 
the cylinder head face will not warp more than 0.0015 
to 0.002 in., and this can be corrected by machining 
The job is completed by inserting new valve stem 
bushings. 


BULLDING UP WHEEL FLANGES AND 
TREADS 


Restoration of wheel flanges and tread contours on 
switching Diesel locomotives is a major item of main- 


tenance, and are welding is a common practice on man) 
American railroads in performing this operation. 

In some cases where the wheels have become worn, or 
get down near thickness-condemning limits, hard-facing 
electrodes are used, and carborundum finishing shoes 
on the brake head are employed to finish the wheel 
tread contours. 


One railroad, which, due to curves, does not run its 
road locomotives over 45 mph., has been building up 
and restoring wheel contours on its switching locome- 
tives without removing the wheels or trucks, as shown 
in Fig. 17. 

In this instance, light-coated electrodes of core wire 
with carbon content in the ranges of 0.32 to 0.42", are 
employed. The tread contours are built up without 
removing the trucks, and the wheels are indexed for 
welding by moving the locomotive. The built-up areas 
are not machined in any manner, but are put back in 
service as deposited, and give excellent performanc 
Even with work-hardening, it is still possible to machin 
these treads when machine restoration of contour i 
necessary. Repairs of this kind add many extra miles 
of service life to the locomotive, with a minimum out 
of-service time and cost. 


RECLAIMING DIESEL ENGINE VALVES 


When seats or stems of Diesel engine valves become 
worn, they must be reclaimed or replaced. It has beet 
found that these valves can be reclaimed and put back 
into service at a low cost, giving from 3 to 3!/2 times the 
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Fig. 20 A welder in the operation of building up wheel 
thrust end bearings with a lead bronze electrode 


from the stem to prevent distortion. After the hard- 
facing material is applied, the valve is trued up by 
machining and the seat is also machined, after which it 
is finished by grinding. 

In some cases, the valve stems become worn, and are 
reclaimed by metal spraying. The Valve is set up in a 
lathe and a cut is made, reducing the stem about 0.025 
in. in diameter, after which the surface is knurted and 
the metal sprayed on with an 0.80 carbon steel. Then, 
by grinding, the stem is restored to its original size. 
In the case of the larger valves, savings of as much as 


80° of the cost of a new valve are affected. Figure 19 


shows a number of reclaimed Diesel engine valves of 


various sizes. The stems of the four valves in the first 
row have been built up by metal spraying and are 
ready for finishing. 


ch can MM service life of new valves. As a result, valve reclama- 

boring tion has become standard practice on many railroads. 

nique, Exemplary of this improved service is the experience RERLASPEEINS WHEEL a ot ENS 

0.0015 of one railroad which placed a reclaimed valve in service BEARINGS 

‘ining alongside a standard new factory valve in the same Diesel locomotive wheel end thrust bearings, which 

stem J cylinder head. Both valves were to be kept in service limit the lateral space between the end of the axle and 

intil one or the other required removal. After 15 roller bearing boxes are faced with a bronze bearing 
months of continuous service, it became necessary to metal. As the bronze becomes worn, lateral tolerance 

D remove the standard valve, as it had become worn be- becomes greater and must be corrected, either by re- 
yond the point of serviceability. It showed !/ «in. wear placement with new thrust-bearings or by renewing the 
onthe seat face. By contrast, the built-up, or reclaimed bronze bearing surfaces to bring them back to standard. 

irs on # valve showed less than 0.0005 in. wear. These valves The thrust bearings are 4 °,/s in. thick, when new, and 

main- #@ are shown in Fig. 18, the reclaimed valve being the one must be replaced when they become worn to 4 !/s in. 

many on the left. thickness. 

The valve seats in the head showed that the built-up A simple and common method of restoring them is by 
vn, or @ valve had in no way affected the head seat, since both use of the arc-welding process with lead bronze elec- 
facing HB head seats were in about the same condition. The trodes. In preparing a thrust-bearing for welding, a 
shoes #@ savings involved included not only 50% of the cost of a carbon disk is inserted in the speedometer cable hole of 
wheel HJ new valve, but in addition the saving represented by the thrust bearing casting, after which the bearing sur- 

extension of service life of the reclaimed valve. face is built up with the lead bronze electrode. This 
un its Larger 4- and 5 '/,-in. diam. valves are reclaimed with operation is shown in Fig. 20. The process requires 
ng up MPeven greater savings. They are thoroughly cleaned three passes and consumes four '/,-in. electrodes per 
como 9 before the hard-facing alloy is applied. The flame is pass, or a total of 12 electrodes. The carbon disks are 
shown applied to the worn area,-taking care to keep it deflected then removed, and the bearing surfaces are finished in a 
e WI 
ithout 
“dl for 
areas 
ck in 
dance 
ichin 
our 1s 
miles 
out 
hack — 
es the Fig. 21 Two wheel thrust end bearings for Diesel locomotives. The one on the right has been built up by welding, and 
. the one on the left has been machine-finished after welding 
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Fig. 22 


Fig. 23 


Fig. 22. New wear plates of high manganese steel com- 
position being welded into place on the roller bearing 
journal box of a Diesel locomotive. A lime type stainless 
steel electrode is used 
A finished roller bearing journal box after wear 
plates have been attached 


Fig. 23 


lathe, after which the oil hole is drilled, and the oil slot 
cut on a shaper. 

The original cost of these bearings is $16.40 each, and 
they can be reclaimed for 35°% of the cost of new ones. 
Build-up time is 20 min. for each bearing, and total 
machining time is 40 min. Figure 21 shows a built-up 
bearing on the right and a machine-finished bearing 
after welding on the left. 


REPLACEMENT OF ROLLER BEARING 
JOURNAL BOX WEAR PLATES 


A constant maintenance factor in Diesel locomotive 
operation is the replacement of roller bearing journal 
box wear plates. Their surfaces become worn from con- 
stant sliding action on the truck pedestal jaw plates, and 
they have to be replaced by welding new wear plates to 
the roller bearing journal box. Since the wear plates are 
of high manganese steel composition, and the boxes of 
low carbon composition, the use of ordinary electrodes 
would produce underbead cracking of the weld. There- 
fore, the following procedure has become standard prac- 
tice: 

The old wear plates are removed by either chipping 


or grinding, after which the new liners are wel \ed jpj, 
place, using lime type stainless steel electrodes. Pigyy, 
22 shows a welder at work applying new liners. Befop, 
welding, the bearing openings are first covered to pro. 
tect the precision, high-finished roller bearings froy 
possible spatter and damage. Figure 23 shows a role 
bearing journal box after wear plates have !een g. 
tached. 


CONCLUSION 


The growing emphasis on welding applications ay 
techniques in the maintenance of Diesel locomotiye 
stems from the necessity to compensate for the high, 
initial cost of this type of power and from the rapidly 
increasing demand for Diesel power in preference ; 
other types. The increasing demand for Diese! equip 
ment not only has broadened the scope of maintenane 
repair and reclamation practice in lieu of new part re. 
placement, but directly reflects the ability of efficient 
maintenance methods to compensate for the higher 
cost of such equipment. 

Exemplary of the increasing preference for Diesel 
locomotives are the figures on railroad orders during the 
current year. In the first six months of 1948, there was 
a total of 648 locomotives placed in service by Americar 
railroads. Of these, all but 24 were Diesel electric, tly 
balance being steam. Locomotives on order as of Jul 
1, 1948 totaled 1695, of which all but 123 were Dies 
electric. 

Welding techniques and practice in the field of Dies 
locomotive maintenance will be still further extended as 
more of this type of equipment goes into service an 
greater experience is gained in the maintenance pro!- 
lems characteristic of it. 

One of the more important new welding technique 
which may be expected to contribute materially to in- 


creased maintenance economies is that of the inert-gas 
shielded arc-welding process. Many unexplored ap- 
plications of this process point to new railroad mait- 
tenance savings, as in coach work, stainless steel fixtures 
passenger car trim, etc. 

Figure 24 comprises a list of many typical welding 
applications now commonly practiced in Diesel loce- 
motive maintenance in addition to those detailed in thi 
paper. Taken together, they constitute an importat! 
contribution to the efficiency of Diesel locomotive o}- 
eration, and help to make possible maximum benefit 
from the Diesel’s application to railroad motive powe 


Lube and Fuel Oil Tanks 
Traction Motor Gear Cases 
Underframe Side Bearings 
Air Reservoir Brackets 
Platforms, Front and Rear 
Side and Front Framing 
End Sheets—Air Ducts 
Engine and Generator Pads 
Push Pole Pockets 

Fuel Tank Supports 


Bolsters Roof and Hatches 
Underframes False Ceilings 
Ballast Car-Body Bolsters 


End Plates 
Floor Plates 
Frog Hooks 
Base Angles 
Pipe Clamps 
Water Tanks 
Sand Boxes 


Coupler Pockets 
Battery Boxes 
Spring Holders 
Cross Bearers 
Spring Planks 
Truck Frames 
Steps and Skirts 


Fig. 24 Other typical welding applications now in common practice in maintenance of Diesel locomotives 
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Shipping Containers 


® The design, fabrication procedure and arc- and resistance-welding tech- 
niques in the production of a durable, weathertight 277-cu. ft. container 


by G. J. Green and D. H, Marlin 


INTRODUCTION 


GREAT increase in the use of welding as a funda- 
mentally sound and economical tool of fabrication 
has taken place in recent years. Fusion welding 

of ships, bridges, pressure vessels, pipe lines, etc. is 
becoming increasingly commonplace. Design engineers 
are becoming more aware of the advantages of sim- 
plicity, reliability and fabrication economies afforded 
by the process. When considering welding in the design 
of a new product, it is well to keep in mind both resist- 
ance and fusion welding as possible tools of construc- 
tion. Technical developments in both these fields of 
velding afford new advantages which are worthy of 
consideration. This article outlines the details of fabri- 
cating a new product in which both processes are ex- 
ploited to best advantage for the production of a ship- 
ping container destined to withstand severe loading 


Stresses. 
THE PRODUCT 


The definite need for a strong, durable, weathertight, 
pilferage-proof container to facilitate unitized shipment, 
handling and storage of valuable cargo: prompted the 
design and construction of the Dravo Transportainer. 
Briefly, this structure is a closed metal container with a 
loading capacity of 277 cu. ft., or 6 tons. Pilferage and 
breakage losses, insurance rates, as well as the handling 
and crating costs inherent with domestic and export 
shipment of cargo, are materially reduced by using 
these units in place of more conventional methods. A 
considerable amount of packaging materials—procure- 
ment of which has been difficult—can be eliminated and 
a faster rate of cargo handling for all types of freight 
carriers is possible when Transportainers are used. 
Figure 1 illustrates the completed unit, which has ex- 
ternal dimensions of 6 ft. 10 in. high, 6 ft. 5 in. wide and 
7 ft. 9 in. long. These dimensions have been standard- 


23 Groen and D. H. Marlin are connected with the Dravo Corp., Pitts- 
burgh, Pa, 


Presented of the Twenty-Ninth Annual Meeting, A.W.S., Philadelphia, Pa., 
week of Oct. 24, 1948 


Dicemper 1948 


Fig. 1 Afront view of the Transportainer illustrating the 
large loading doors, general appearance and method of 
lifting by overhead crane 


ized so the container can be used on ocean or river ves- 
sels, railroad cars and motor trucks. Suitable provi- 
sions are made for handling these units with chain hooks 


or fork trucks. 


either attachment permits nesting or tiering the con- 


Folding legs or skids are optional and 
tainers for efficient stowage. 
DESIGN 


When the unit was designed it was decided to embody 
welded construction throughout. Careful consideration 
of design details was necessary to provide maximum 
strength with a minimum weight of material. Our engi- 
neers were faced by the problem of designing these units 
to fulfill the major service requirements of (a) over-all 
dimensions suitable for universal use with all common 
freight carriers and handling methods; (b) weather- 
tight construction for outdoor storage and handling; 
(c) satisfactory resistance to corrosion; (d) sufficient 
strength for resisting a static load of 6 tons coupled 
with dynamic stresses expected from various methods 
of handling. 
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Fig. 2 Component subassemblies before erection 


Maximum rigidity and strength are obtained by ex- 
tensive use of corrugated sheet sections for floor, roof, 
side and door panels. Side and door panels are formed 
from single sheets with vertical corrygations approxi- 
mately 2 in. wide and 1'/2 in. deep. Floor and roof sec- 
tions are constructed of flat sheets reinforced by spot- 
welded corrugated panels. Corner posts, formed as 9- x 
9-in. open box-shaped sections, are welded to the roof 
and floor panels. When containers are fabricated of 
ordinary carbon steel, the side and door panels are 18 
gage, the roof is 16 on 16 gage, the floor is 16 on 14 gage, 
and the corner posts are '/s in. When low-alloy high- 
tensile steel is used, the sheet thickness can be reduced, 
resulting in a lighter weight unit. 


FABRICATION PROCEDURE 


To obtain the desirable economies of mass production 
techniques and to meet design requirements, engineer- 
ing and production problems were correlated to utilize 
the major advantages offered by both fusion and resist- 
ance welding. 


Fig. 3 Jig for assembly of floor section. 
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The inverted position shows floor stiffeners 


Fig. 4 Tack welding of roof section in subassembly jig 


Obviously, for better economy, this type of continy. 
ous production requires the fabrication of as many pr. 
assembled sections as possible. Figure 2 illustrates the 
component floor, roof, skids, doors and side assemblies 
before erection. Joint detail permits a maximuy 


amount of spot welding. Consequently, all subassem- 
blies are practically 100°% spot welded. This includes 


mainly lap joints connecting side panels to corner posts 


reinforcing straps to side panels, door panels to door 
frames and flat sheets to corrugated sheets in floor and 
roof assemblies. Fusion welding is used only for fabr- 


‘ation of skids or legs, attachment of lifting lugs, ete. 


The subassemblies are fitted together in separate jigs 
as illustrated in Figs. 3 and 4. The component parts o/ 
each assembly are tacked together in these jigs and su!- 


sequently spot welded. Figures 5 and 6, respective! 
illustrate a side and bottom section being spot welde! 
Note in Fig. 5 that the positioning table is fitted wi 


jig stcps and is designed to accommodate all subassen- 
blies. Two-dimensional freedom of motion facilitate 


the placement of welds at any desired location. 


inserted between corrugatio" 


Tue WELDING 


Fig. 5 
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ment of secondary members. Spot welds in this struc- 
ture, however, support a great portion of the major 
stresses present in service operation. For mass produc- 


tion economies, emphasis was placed on using as much 


resistance welding as possible—in fact, a completed unit 


contains approximately 1100 spot welds. Therefore, 


it was imperative that proper care be taken to insure 
satisfactory strength in all spot-welded joints. 


Coupled with this primary requisite of high quality 
welds, the following factors had to be considered: 


1. Alternate use of either hot-rolled or cold-rolled 


steel—depending on availability. 


mbly jig 


2. Use of high-strength low-alloy steels when speci- 
fied. 


ontinu- 
pre- Fig. 5 [lustrating the method for spot welding side panel wid mon-inhibiting point 
positioning table ing surfaces of joints prior to spot welding. 
’ 4. Use of a sealing compound inserted between lap | 
emblies Final assembly operations are accomplished in the joints prior to spot welding in order to insure ‘ 
iXimum MM fitting jig illustrated in Fig. 7. After fitting and pre- water-tight joints. 
assem. fe liminary welding of the erection joints, the unit is re- ‘ = 
neludes moved from the jig and positioned to achieve a maxi- 
r posts mum amount of down-hand welding. Subsequent oper- 
0 door ations include the fusion welding of skids or legs and 
ie onl attachment of the double doors. All final assembly 
+ fab. joints are metallic are welded. Figure & illustrates 
welding of skids to the bottom panels. 
- Since these units are weather-tight, they are water 
ate Jigs tested prior to painting and shipment. 4 
arts of 
nd sub- WELDING DETAILS AND PROCEDURES 
‘tivel 
velded I. Resistance Welding 
d wit 


Usually, in a structure of this size and capacity, fusion 


welding is mainly employed for strength while resistance 


welding is applied as an accessory process for attach- 


The erection jig used for rapid assembly of com- 
ponent sections 


Fig. 7 


(a) Equipment. Allresistance welding is done on 75- 


kva., 3-phase, press-type spot-welding equipment as 
illustrated in Figs. 5 and 6. This equipment has a 
throat depth of 51 in. in order to accommodate the large 


panel sections. It has a rated capacity of 2 thicknesses 
of */\-in. scaly or rusty steel, or 2 thicknesses of 0.073 
in. aluminum. Electronic timers facilitate close control 
of squeeze, preheat, weld, hold and off time and, when 


necessary, a quench and post heat eyele can be actuated 


for subsequent heat treatment of spot welds in more 


hardenable steels. 


(b) Spot-Welding Schedules. In order to insure 


satisfactory quality welds for the various materials 


joint designs and surface conditions encountered, 


accurate machine settings must be established and 


maintained. Strength requirements and surface ap- 


- pearance were basic criteria for establishing these 


schedules. Close adherence to established squeeze 


Fig.6 Spot welding a floor panel assembly. The 75-kva. 
Spot welder is welding the corrugated sheet to the flat sheet time, preheat time, weld time, tip pressure, welding 


tions 
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current and adequate dressing of electrode tips to pre- 
scribed diameter are mandatory for obtaining welds of 
consistently good quality. These operating variables 
are greatly interdependent and require diligent atten- 
tion for satisfactory results. 

Joint fit up (referring to the size gap between faying 
surfaces of a lap joint), the presence of organic material, 
as well as rust or scale, and the acceptable amount of 
surface indentation have great influence on the pressure 
used for a particular tip design on a given size joint. 

Establishment and maintenance of correct tip design 
is of utmost importance. Truncated cone style elec- 
trode tips made from R.W.M.A. Class 2 alloy are used 
and machined to various diameters in accordance with 
the thickness of sections to be welded. Experience 
has shown that this type of electrode affords the most 
desirable resistance to ‘‘mushrooming”’ at the electrode- 
steel interface. On roof and floor sections where the 
thickness of the sheets is almost equal, the electrodes 
are both machined to °/\5 in. diameter at the tip. When 
welding widely different thicknesses of material, such 
as 18 gage side panels to '/; in. corner posts, it is neces- 
sary to machine the electrode contacting the thinner 
sheet to the smaller diameter of '/, in. This aids in 
correctly spacing the weld nugget between the two 
members. If equal diameters are used, the nugget 
centers mostly in the heavier sheet, with a resultant 
weakening of the spot weld. This condition is more pro- 
nounced in cold-rolled steel, since the presence of the 
more electrically resistant scale on hot-rolled sheet 
apparently aids in localizing the major diameter of the 
weld nugget at the faying surfaces. 

The use of a preheat current cycle prior to the welding 
cycle materially aids in achieving better quality welds. 
Obviously, a clean, scale-free, cold-rolled sheet would be 
most desirable for obtaining optimum results. How- 
ever, scaled or rusted steel can be successfully welded 
by using this preheat cycle. Rust and scale is thereby 
melted and ejected from the center of the weld area be- 
fore the welding current is applied. Similarly, the use 
of this preheat current is effective in removing wet or 
dry organic films applied on the faying surfaces prior to 
welding. Figure 9 illustrates the manner in which this 
cycle is used and its effects on scaled and painted steel. 
Observe the white areas in the center of the specimen 
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Fig.8 Metallic arc welding of skids to the underside of the 


Fig.9 Graphic representation of spot-welding cycle illus. 
trating effect of the preheat cycle as used for scale and 
paint removal 


which are free of any contaminating material: These 
specimens were prepared by actuating the preheat cycle 
only—no weld has been made. 

Table 1 indicates the results obtained from tension- 
shear tests performed on spot welds of typical joints, 
using established production welding schedules. The 
test results indicate comparative strength of welds in 
hot-rolled, cold-rolled and low-alloy steels as well as 
those made with sealing compound and dry paint on the 
faying surfaces. 

The multispot specimen is illustrated in Fig. 10. 
This specimen duplicates standard joint design of | in. 


Table 1—Showing Results of Tests Made on Typical Lap 
Joints 


TENSION SHEAR TESTS 
‘SPOT WELDED STEEL JOINTS 


SPEC TYPE SURFACE 
NO. 


STRENGTH _ TYPE 
SPEC. CONDITION LBS 


FRACTURE 


18 GA._ TO 10 GA. JOINT 


al SINGLE SPOT HOT ROLLED 2015 BUTTON 
a2 SINGLE SPOT HOT ROLLED 1810 BUTTON 
BI SINGLE SPOT HOT ROLLED TO COLD AOLLED 2005 BUTTON 
82 SINGLE SPOT HOT ROLLED TO COLD ROLLED 207s QUTTON 
a) SINGLE SPOT COLD ROLLED LOW ALLOY 2800 BUTTON 
c2 SINGLE SPOT COLD ROLLED LOW ALLOY 2885 BUTTON 
ui SINGLE SPOT / HOT ROLLEO TO COLD ROLLED 1860 SHEAR 
m2 SINGLE SPOT | WITH SEALING COMPOUND 1850 SHEAR 
s! FOUR SPOTS HOT ROLLED TO COLD ROLLED 7400 FOUR SHEARS 
$2 FOUR SPOTS WITH SEALING COMPOUND 7200 FOUR SHEARS 
14 GA TO 16 GA. JOINT 
ri SINGLE SPOT HOT ROLLED TO COLD ROLLED 2410 SHEAR 
f2 SINGLE SPOT HOT ROLLED TO COLD ROLLED 2540 SHEAR 
Gi SINGLE SPOT COLD ROLLED 70 SHEAR 
SINGLE SPOT COLD ROLLED 3338 SHEAR 
HI SINGLE SPOT COLD ROLLED LOW ALLOY 3150 SHEAR 
H2 SINGLE SPOT COLD ACLLED LOW ALLOY 2520 SHEAR 
Qi SINGLE SPOT HOT ROLLED 2750 BUTTON 
SINGLE SPOT ORY PAINT 2640 SHEAR 
tT FOUR SPOTS COLD ROLLED 6s AR 
12 FOUR SPOTS WITH ORY PAINT FiLM FBUR 
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Fig. 10 Showing one-half of fractured tensile specimen. 

The 12 in. wide specimen has 4 spot welds on 3-in. centers, 

each of which illustrates a “‘button”’ type failure. Total 
breaking load was 11,100 Ib. 


overlap with spot welds spaced on 3-in. centers. The 
tension testing grip and the sheet section adjacent to the 
grip have been repainted for photographing, but the 
area surrounding the fractured welds shows the original 
paint film present at the time of welding. Shear tension 
strengths indicated in Table 1 indicate values well above 
the minimum values specified by A.W.S. Tentative 
Standards. Note the comparatively slight decrease in 
strength present when organic coatings are applied to 
the faying surfaces. These results also indicate a 
marked increase in strength for welds made on low- 
allow steel. This increase correlates with the increased 
strength of this material in relation to plain carbon steel. 

(c) Use of Paint Filmsand Sealing Compounds. The 
choice of suitable organic coating material for use in 
conjunction with spot-welded joints in this unit re- 
quired careful consideration. An air-drying type paint 
film and a nondrying mastic material are relied upon to 
respectively offer resistance to corrosion on faying sur- 
faces of enclosed panel sections and provide a water- 
tight seal at exposed spot-welded joints. 

Investigations show that with a suitable preheat 
cycle and pressure, most wet paint films on faying sur- 
faces offer no major objections to completion of a satis- 
factory weld. However, dry films containing a vege- 
table oil vehicle or synthetic varnish enamel have too 
great a dielectric strength for satisfactory use. Roof 
and floor sections contain large areas of enclosed faying 
surfaces which, after construction, are inaccessible for 
maintenance painting. Consequently, these surfaces 
must be painted prior to subassembly in order to pro- 
vide adequate corrosion resistance in service. For obvi- 
ous reasons of handling and storage during production, 
it is necessary that this paint be dry: Extensive tests 
on various types of dry paint films indicate that asphalt 
base coatings can be used most successfully. This coat- 
ing is applied to the inner surface of both flat and cor- 
rugated sheets—maintaining a maximum dry film 
thickness of 0.001 in. 

Adequate sealing of spot-welded lap joints is accom- 
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plished by use of a nondrying mastic. This compound 
is placed between the faying surfaces of the joint and 
effects a watertight seal for the life of the unit. Experi- 
ments with numerous materials including plastic tapes, 
petrolatum base greases, vegetable oil compounds and 
asphalt base material indicate that optimum results are 
obtained from a mastic formulated from a nondrying 
vegetable oil mixed with corrosion inhibiting pigments. 
Table 1 indicates satisfactory results obtainable when 
welding through this compound. Figure 11 illustrates 
the use of a caulking gun for application of mastic to a 
door frame joint prior to insertion and welding of the 
door panel. Close examination of Fig. 12 will show the 
mastic squeezing out at the joint edge during welding. 


Il. Fusion Welding 


As previously mentioned, metallic are welding is 
mainly used only at erection joints. Obtaining continu- 
ous watertight welds on sheet material can become sur- 
prisingly difficult unless proper precautions are main- 
tained in the selection of welding electrodes and control 


of proper techniques. Practically all connections are 


lap or tee-joints and are welded with single-pass fillet 


welds. Since available welding operators were more ex- 
perienced in welding heavier plate, ‘“‘burn through’”’ of 
the sheet and porous welds were encountered unless an 
electrode was used with proper “are action’? and slag 
viscosity. Tee-joints are particularly susceptible to 
“burn through,” while both lap and tee-joints have 
inferior surface appearance and excessive porosity if the 
slag viscosity is not correct for the welding conditions. 
At present, all welding is done with a '/s-in. diam. E- 


Fig. 11 Application of the joint sealer compound prior to 


spot welding 
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Fig. 12 Spot welding the 18-gage side panel to the ' /s-in. 
corner post. Note insulated tip spacer and hose for 
removal of fumes 


6013, type electrode, having the correct operating char- 
acteristics. Proper positioning of the joint before weld- 
ing aids materially in increasing the speed of welding. 
Therefore, a major portion of all welds are performed in 
the down-hand position. Unless these precautions are 
observed, repair welding may become excessive and 
thus greatly increase the cost of fabrication. 

Although present production is on steel units only, 


aluminum experimental units have been mace jn ¢9, 
operation with the Aluminum Company of \ meric, 
These units were constructed of 0.051-, 0.064- 21:1 0,08). 
in. 6IST and 0.144-in. 52S alloy. They were |yuilt 
the same basic design as the steel units, and fal ricates 
in similar manner, using standard fitting jigs. The ys 
of aluminum necessitated revision of spot-welding 
schedules and redesign of electrode tips but otherwise 
similar type joints were used throughout. The lowe, 
strength of the aluminum spot welds required « ¢losey 
weld spacing of 1'/2 in. to obtain satisfactory joiny 
strength. The inert are-welding process, using argoy 
gas, was substituted for the metallic are in order ty 
insure better weld appearance as well as eliminate thp 
otherwise necessary chemical removal of metallic are. 
welding flux and slag. An interesting feature of this 
construction was the successful use of the inert are 
process for fillet welding lap and tee-joints in these 
comparatively light gages. 


CONCLUSION 


In this article we have endeavored to point out the 
advantages that are realized by correlating product de- 
sign requirements with the potential economies and 
strength possible with both fusion and resistance weld- 
ing. Severe loading stresses present both in rigid over- 
load testing and in service have proved the merits of 
this design which utilizes both processes. 
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ii » Here are some thought starters on welded design furnished us 
"? through the courtesy of The Lincoln Electric Co., Cleveland, Ohio 
if this a 
IT ry 
ELEMENTS OF LEVERS as high as for cast iron, permitting thinner wall sections 
and resulting less weight with welded construction. 
EVERS are a basic part found in almost every type S 
of machine. When properly designed and built, ; 
lever components can improve the operating effi- - FUNDAMENTAL TYPES OF STRUTS 
ciency of any mechanism by transmitting greater 
Ue & Che strut member is principally a plain cantilever 
ct de. working loads with less dead weight in working parts. ; heii ' 
: beam whose cross-sectional dimensions are found by 
and On high-speed machinery especially, welded steel levers 
eee RM basic design formulas. When designing the strut mem- ; 
weld. are necessary to maintain efficient performance by re- a fe 
ber, rigidity as well as strength must be considered, 
over. ducing the weight-inertia factor thus eliminating ex- 
particularly where exact relationships between operat- 
its of cessively high working stresses and resulting wear on 
; ing mechanisms may control timing factors. 
ae ie ; Here are five different strut sections that can be con- 
The problem of correctly designing levers is greatly , 
sidered in any lever design: 
simplified when the requirements of the lever are broken ; 
down into their three basic elements: the hub, strut 1. Solid Rectangular Section 
and linkage connection. Let us analyze each of these 2. I-Beam Section 
elements. Round Hollow Section 
Box Section 
5. Tapered Section 
Before establishing the final design of any strut section, 
The hub is the pivot point around which the lever precaution must be taken to check plant facilities. 
rocks or rotates. The bore diameter and length are Proper manufacturing equipment should be available 
determined by the size of shaft or stud needed to carry to produce the levers at lowest cost consistent with the 
108- the operating forces in terms of maximum allowable unit number of pieces to be made. 
tice, hearing pressures (pounds per square inch), keeping in 
mind provisions for lubrication. The wall thickness is ~~ Ba 
iping Solid Rectangular Section 
governed by the allowable unit tensile stresses. With 
Sept steel, these allowable stresses are generally three times As shown below, the solid rectangular section is 


Fig. 1 Examples of welded steel levers 
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cut off to length. 


fixture can be weld-built to locate and hold the parts in 
place during welding. 


I-Beam Section 


One principal advantage of welded design isthe ability 
of the designer to put the right amount of metal in the 
right place. By placing more metal at the outside and 
less in the center, the I-beam design can reduce the 
weight factor considerably. The I-beam itself may be 
built up by welding two outer steel pieces to a center 
strap acting as the web. 


Round Hollow Section 


Pipe or tubing is scarfed and fillet welded to the hub 
Where thin-walled tubing is 
used, care should be taken to specify the correct size 
and type of electrode for fillet welding the pipe to the 
hub. 


as indicated by Fig. 5. 


R POWER OPERATION 


ath LINKAGE CONNECTION 
“FOR HAND OPERATION 
Fig. 2 Elements of levers 


N 


Fig. 4 I-beam strut section 


generally made from square or rectangular steel stock 
The ends are cut out or scarfed to 
conform with the outside diameter of the hub. Where a 
number of identical levers are to be made, a simple 


Box Section 


Two channel sections may be brake-formed and butt. 
welded together as illustrated in Fig. 6. This type oj 
strut section is generally used where product appearan, 
as well as light weight are important design factors. 


Tapered Section 


Each of the illustrated types of strut sections cay bp 
modified further to produce a tapered design. May. 
mum product strength and lowest weight may be coy. 
bined to get streamlined product appearance. Hoy. 
ever, in many cases, the increased cost of flame cutting 
or die forming the tapered strut member rules out this 
design except where very high production volumes gy 
involved. 

The accompanying chart shows comparative weigh 
and cost factors of the various strut designs discussed 


Section Weight Cost 
Solid Rectangular 29.3 lb. $3.57 
“T” Beam 23.5 Ib. 3.78 
Hollow Round 19.4 lb. 3.15 
Box 20.5 Ib. 3.23 


Cast-Iron Lever 62.5 |b. 
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Fig. 5 Round hollow strut section 


Fig.7 Linkage for power operation 
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‘tors, 
MACHINED 
HANDLE 
FLOOR PLATE 
can | Fig.9 Levers for foot operation 
Can be 
Mavi. Fig. 8 Levers for hand operation 
be COM- 
Ow. ar stock ¢: fille ‘elded to the sides of the arms. 
Hon LINKAGE CONN ECTION bar stor k can be fillet wel le | t Ss 
CUtting Where close tolerances on the length of arm and align- 
out this The linkage connections on either or both ends of the ment of holes are not required, the arms can be drilled 
ines are Mae lever are governed by the fundamental requirements of first and then held in a simple jig for welded assembly. 
the lever, namely, power, hand or foot operation. As 
Weigh shown in the accompanying diagrams, linkage connec- 
CUssed tions are simply cut from plate or standard shapes and For Hand Operation 
welded to the strut or hub member as required. Of 
, ; agri A threaded adapter welded to the end of the strut can 
great importance to the designer is the flexibility of ; 
—.ae ae len be used for mounting plastic hand balls. An alternate 
weld-fabricated construction allowing the designer to ; : 
t ; , ; design of hand lever is made by welding a premachined 
es alter any dimensions to improve machinery performance ae 7 
handle to the strut. If an offset is required, an adapter 
8 without involving costly pattern changes and obsoleting : 
5 ti, ; can be formed accordingly. 
3 casting Inventories. 
Linkage Design for Power Operation For Foot Operation 
One or two arms are cut from steel plate or from Foot treadles are easily made up by welding a plain 
straps and fillet welded to the hub. If increased bearing rectangular plate to the strut. Floor plate is often used 
area is required, one or more bosses made from round to provide good traction. 
° 
by J. illoresi 
DJUST the preheat flames to neutral after you have 
selected the right size nozzle and cutting pressure 
for the plate thickness. (See the instruction folder 
for the blowpipe you are using). The inner cones of 
the preheat flames should be from */;5 to 4/4 in. in length 
When the cutting oxygen valve is open. Hold the blow- 
pipe in your right hand to keep constant control of the 
cutting-oxygen lever. 
Balance the blowpipe on your left hand. You can 
either hold the blowpipe or rest it on your closed fist. 
Move the blowpipe rapidly along the line of cut to make 
sure there is enough slack in the hose. Freehand cutting 
usually is done from right to left. To preheat, hold the 
Near eeareal te development engineer with The Linde Air Products Co., Fig. 1 Preheat flame adjustment 
NAL DrceMBerR 1948 Practical Welder and Designer L051 


| 
BALL WELD WELD 
PLASTIC WELDS 
>. 
>: 
58 
& 
; 
per 
id 
ve 
Be 


Fig. 2 Preheating the plate before starting the cut 


blowpipe with the nozzle vertical. Thetips of the inner 
cones should be close to, but not quite touching the 
plate. Center the tips over the edge of the plate on the 
line of the cut. Preheat a spot until it is a bright red 
and just starts to melt. 

Cutting will start when you slowly press down the 
cutting-oxygen lever. There will be a shower of sparks 
from the lower side of the plate. When the cut has 
started all the way through the plate move the blowpipe 
forward slowly at a constant speed. The cut should 
continue to go through the plate without too much 
oxidation or melting. At the right speed, the stream of 
sparks will be directed vertically toward the floor. 

Don’t lose the cut. If you move the blowpipe too 
fast, the cutting jet will not go through the plate and 
cutting will stop. When this happens, release the cut- 
ting-oxygen lever at once. Reheat the point where the 


cut stopped to a bright red. Then open the cutting- 


Fig. 2 
buildir 
plate 


Fig. 4 The cut in progress 


oxygen valve and restart the cut. When the cut is 
finished, the cut piece should drop free, but slag some- 
times holds the two pieces of plate together. A shar 


All-Welded Engineering 
Building 


NEW mechanical engineering building of all-welded 
design is being completed by Fenn College of Cleve- 
land, Ohio, as a part of their long-range expansion 
program. Welded design for the building was 

specified by Fenn in order to speed the completion of 

badly needed facilities. In five days the building was 
completely erected and readied for welding, and two 
welders then welded the entire building in ten days. In 
addition to the speed of erection, the silence of welding 


R. H. Davies is a consulting engineer, Lincoln Electric Co., Cleveland, 
Ohio. 
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rap with a hammer will separate them. Fig. 
welt 

ft. ¢ 

eliminated any disturbance of nearby classrooms 130 
Since the building was originally designed for weld- exe 
ing, there are no comparative cost figures; but it is in- | 
teresting to note that one bid received on riveted con- ing 
struction was $1500 higher than that quoted for the Pie 
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Fig. 1 Architect’s rendition of Fenn College Mechanical 
Engineering building showing front elevation 
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Fig. 2 Completing column splices on the front of the 

building. The welds are */;-in. fillets on each side of the 

plate made with °/»-in. electrode. These two welders 
welded the entire structure in ten days 


Fig. 3 Typical column base detail. The */s-in. fillet is a 
shop weld 


welded structure. The structure is 100 ft. wide by 99 
ft. deep, three stories high with a total steel tonnage of 
130 tons. It will house 8 classrooms, 2 drafting rooms, 
mechanical shops, 2 offices, tool room and locker room. 

In order to provide a maximum of down-hand weld- 
ing, shop fabrication was used wherever possible. Con- 
hections such as seat angles and wing angles were welded 
in the shop as far as was practical. The entire struc- 
ture was first erected with the members bolted, and was 
then plumbed and guyed, ready for welding. 

Columns for the structure varied from 8-in. WF 40 to 
10-in. WF 112 beams, milled to provide a single vee- 
joint at the base plate. They were welded in the shop to 
the base plates with */,-in. fillet welds. Figure 3 shows 
a base plate to column weld. The plate is 16 by 28 by 
3 in. and anchored with a 1- by 24-in. bolt. Erection of 
the columns was accomplished with a splice plate 5 by 
*/s in. by 1 ft. bolted to each side of the web. 

In the final welding, these web splice plates were 
Welded with a '/,-in. fillet weld, and two splice plates, 
'/: in. by 2 ft., were welded to the column flanges with 
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Fig. 4 Unique connection designed for this beam, girder 
and column joint when beam could not be welded to the 
web of the colunin 


3/-in. fillet welds made with *°/-in. diam. electrode. 
The splice plates on the flanges were '/. in. narrower 
than the flange to provide space for the weld. The two 
extreme 40-ft. tower columns to the front of the building 
lack bracing in two directions, so to provide additional 
stiffness a box section was made out of the columns by 
welding a plate between the flanges. 

Beam and girder connections were made using both 
angle seats and wing angles. Shop welded angle seats, 
cut from WF beams, were used wherever noninterfer- 
ence with the finish line permitted. From the photo- 
graphs it can be observed that the majority of the con- 
nections were made with the field welded wing angle, 
resulting in a compact design that permitted holding 
the finish line close to the structural work. 

Figure 4 shows a unique connection that was designed 
to answer the problem of joining a beam where the con- 
nection could not be made to the web of the column. 
The connection is between a 15- by 30-in. WE 172 
girder, a 7- by 16-in. WF 40 beam and a 10-in.WF 72 
column. The beam is connected to the column through 
a bracket which is cut from a 21l-in. WF 112 I-beam. 
The wing angle joining the web of the beam to the flange 
of the bracket is connected with '/,-in. fillets. The wing 
angle of the 30-in. girder connects to the column through 
the web of the bracket. 

In addition to the main objectives of speedy and silent 
erection, Fenn College has achieved in this all-welded 
structure a more compact, streamlined design in keeping 
with the modern approach followed with this building. 
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Fig. 1 This 8-ton casting, a draw-bench cylinder, developed an 8'/.-ft. crack 


Even this casting was not too large for braze welding. After thorough preheating, it was repaired by four operators working in shifts. The re. 
pair required 800 Ib. of welding rod 


Back the Job Because They Were Braze Welded 


by H. B. Gilson 


ERE are some typical braze-welded repair jobs. 
The castings wére repaired and returned to service 
in a few hours. New parts would have taken 
weeks to obtain. Braze welding is fast because 
you often need little or no preheat and you can some- 


H. B. Gilson is a development engineer with “The Linde Air Prodacts Co., 
New York, N. Y. 


Fig. 2 Braze welding keeps farm equipment on the job 


The operator is repairing a gear for a grass binder. This fast repair 
returned the binder to operation in an hour. Saving valuable time for 
the farmer because it would have taken four days to obtain a new part 


times make the repair without dismantling the machine. 
These pictures show that even the largest jobs can be 
repaired at a low cost. 

Braze welding, done under proper procedures, pro- 
duces a repair that is as strong as the original part 
For the best results, use a braze welding rod that tins 
easily, flows quietly with little fuming, and that pro- 
duces high strength weld metal. The rod should pro- 
duce welds that are both ductile and strong. 


Fig. 3 Reclaim worn castings by bronze surfacing 


When the blades of this water wheel became worn at the edges, they 
were rebuilt to their original size with braze welding rod. The wheel 
was back in service with a minimum of lost time 


Fig. 
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Fig. 4 This cast-iron steam hammer cylinder weighs 
about 4000 Ib. 


Two large cracks, one on each side of the cylinder wall, were braze 
welded in only 14 hr. A new casting would have taken 12 to 16 weeks 
to obtain and cost ten times more than a braze-welded repair 


Fig. 6 The braze-welded repair of this steam chest 
returned a tugboat to service within a few hours 
To allow for expansion during welding, the crack in the * s-in. cast- 


ing was extended through the flange. The area of the break was 
heated with a blowpipe before, during and after welding 


Fig.5 <A considerable pocket of porosity caused a break 
in this 12-ton pinion housing for a copper-sheet mill 


The defective areas were removed and the casting was preheated in 
charcoal for about 18 hr. braze welding required another 31 hr. 


Fig.7 Here is a large cast-iron ring gear that had two 
bad breaks 
To make this repair the cracks were veed. Then a firebrick shield was 


built up around the area of the break to conserve the heat of welding. 
The breaks were braze welded in about 8 hr. 
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TAINLESS steels” are  high-chro- 

\ mium or high-chromium high-nickel 

steels, all of which have the following 
characteristics in common: 


1. Possess excellent corrosion resistance 
to many active 
environments. 


chemicals and 


2. Contain chromium in excess of 11%. 


3. Contain iron in excess of 50°%. 


4. Owe their corrosion resistance to a 
surface film rich in chromium 
oxide which is strongly selfhealing 
in oxidizing atmospheres. 


The stainless steels are best known by 
American Lron and Steel Institute (A.I.- 
8.1.) type numbers under which about 
20 compositions are classified. 


Each of 
these has certain outstanding character- 
istics so that the fabricator or user has a 
wide range of materials from which to 
choose the most suitable 
within the permissible costs. 


composition 


The twenty compositions fall into two 
groups: 


(a) Those that contain 11 to 27% 
chromium as the alloying ele- 
ment. Classified as the 400 
series of A.LS.I. type numbers, 
these alloys are often designated 
by their approximate chromium 
content, thus: 12° Cr, 17% Cr, 
27% Cr. 


(b) Those that contain 17 to 29% 
chromium and 7 to 22° nickel as 
the principal alloying elements. 

They are classified as the 300 

series of A.I.S.1. type numbers, 

are often called austenitic steels 


nickel 


or high-chromium steels 
and are also designated by their 
approximate chromium-nickel con- 


tent, 18-8, 25-12, 25-20. 


thus: 
PLAIN HIGH-CHROMIUM STEELS 
These are further classified into two 
subgroups, the martensitic steels, which 
can be substantially hardened by heat 
* Reprinted from 


treatment, and the ferritic steels which 
do not harden appreciably. The division 
line between these two groups depends on 
chromium 


and carbon contents. The 
higher the chromium and the lower the 


Tempil® Topics,, 


3 Nos. 
9 and 10. 


t See ‘Stainless Steel Data Sheet for Austenitic 
Stainless Steel,’’ Tempil® Topics, 3, No. 7 
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carbon content, the less the tendency to 
air harden, so that the steels with less 
than 0.15°% carbon are classed as ferritic 
if they contain more than 15° Cr and 
martensitic that figure. An ex- 
ception to this rule is Type 416, con- 
taining aluminum, which is non air harden- 
ing. 


below 


Plain chromium steels are all strongly 
magnetic at ordinary temperatures. 
These steels are readily hot-formed by 
forging, bending or other procésses_ if 
proper allowance is made for the relatively 
low thermal conductivity. These steels 
work-harden more than plain carbon steels 
so that cold-working cannot be carried as 
far as with simpler steels without an- 
nealing. Because all the 


plain high- 


Prope 


COMP 
METAL 


HIGH-CHROMIUM  HIGH-NICKEy 
STEELS 


bo 
The compositions in this group Carbor 
austenitic and either nonmagneti: | Nickel 
only weakly magnetic at all temperatuns Coppe 
None of these steels can be hardened — Alueni 
Alu 
conventional heat treatment. Howey 
Magn 
they work-harden greatly so that increas Mag 


Be 
| Beryll 


strength can thus be obtained with so 


loss of corrosion 


resistance. Gr *A) 
soaking time in heating for hot-wor! 
operations is required because of 
thermal conductivity: also becaus 
greater stiffness at high temperatw Stain! 


more power is required and _finis! 
temperatures must be 


cor rosit 


higher. T! ordinar’ 


steels may be divided into those wi strengt! 
chromium steels show greatly increased depend on chromium and _ nickel al hock 1 
ductility just above room temperature, for their corrosion resistance or emper: 
preheating to 200 to 300° F. is essential special properties and those which conts btaina 
to avoid cracks in cold-forming operations. special elements in addition, Thi For 
The chromium steels are the least may be one or more of the followin are sel 
expensive of the stainless steels. They molybdenum, titanium, — columi Howev 
are oxidation resistant at temperatures sulphur or selenium. Molybdenum g chrom 
ranging up into the red heat range, and added resistance toward corrosio! illoyin 
this property increases with increasing certain chemicals and Type 316 is cons ntergr 
chromium content. They are generally quently widely used in the paper p irgica 
utilized for corrosion resistance only, but industry. Titanium and columbium aken 
the martensitic group at temperatures vide resistance to intergranular corrosi tainle 
below the creep range also exhibits excel- when certain simple heat treatments a 
lent strength. They do not, however, carried out, especially for welded st: 
have unusual high-temperature strength, tures which cannot be fully heat treat 
nor are they noted for shock resistance at Other elements are added to impr 
sub-zero temperatures. machinability. (b 
Stainless Steel Data Sheet. Martensitic and Ferritic Stainless Steels 
COMPOSITION IN PERCENT 
(c) 
1.8.1. 
Class max. Mex. Cr Other Elements 
y 403 15 1.00 0.50 11.5 to 13.5 
— — | 
= 
% 410 15 1.00 1.00 11.5 to 13.5 
— 
7 min, | 
| 416"| 15 | 1.25 | 1.00 | 120 to 14.0 | Se .07 m 
< Zr or Mo_.60 max. | 
= | 420 | > | 1.00 | 1.00 | 12.0 to 14.0 | 
min 
405 .08 1.00 1.00 11.5 to 13.5 Al .10 to .30 
UO 
=: 430 12 1.00 1.00 14.0 to 18.0 
= 442 .20 1.00 1.00 18.0 to 23.0 
446 35 1.00 1.00 23.0 to 27.0 


*Free machining grade 
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Properties Compared (Data assembled from Various Literature Souces) 


trodes. The plain chromium steels must 
be preheated to a minimum of 400° F. 
for welding, which must be maintained 
until subsequent heat treatment is carried 
out. Choice of heat treatment consists 
of one of the following: 
(a) Stress relief at 1350-1400° F. for 
2 hrs. followed by cooling slowly. 
(b) Annealing at 1550-1600° F. 
(c) Normalizing and drawing.{ 


WELDING A.LS.1. TYPE 300 SERIES 


These steels are also weldable by the 
common methods. Electrodes should be 
similar in ¢ ymposition to the ty pe ot base 
metal employed, but may also be of a 
higher alloy type. Preheating is not 
generally practiced in welding the austen- 
itic steels less than */, in. thick: there 
is some indication that it may be bene- 
ficial for greater thicknesses. 

For base metal economy the steels con- 
taining only chromium and _ nickel are 
usually selected; after welding, however, 
a zone is present in the base metal in 
which precipitated carbides are present 
and these are susceptible to intergranular 
attack. If the corrosion in service is 
not severe enough to attack the steel, 
the welded joint may be used in the as- 
welded condition or stress relieved at low 
temperatures. Otherwise the entire as- 
sembly must be heated to 1900-2000° F. 
and rapidly cooled to keep the carbides 
in solution. 

For severely corrosive service at room 
and elevated temperatures, columbium 

Type 347) and titanium (Type 321 
steels are utilized. Because titanium is 
oxidized as it passes through the are, 
titanium-bearing electrodes are not em- 
ploved and both of these steels are welded 
with columbium-bearing electrodes. After 
welding, these alloys can be used: (a) in 


the as-welded condition h) after being 
solution-treated by heating to 1900 
2000° F. and rapidly co ling c) alter 


being stabilized by heating to 1550 
1650 


cooling; or, (d) after atombination of the 


followed by furnace or air 


last two procedures. 


t‘Tempil® Basic Guide to Ferrous Metal- 
lurgy”’ gives definitions and boundaries of critical 
temperatures. This 16-x 21-in. plastic-laminated 
wall chart in colors is available on request 


Approx. Weight Weight Weight Specifi h i 
COMPARED meit. pt. in ths. in tos. ratie® 2 
) METALS in °F. per cu. in. | per cu. ft. ratio* ratio* millions 
{03 2750 28 485 1.0 1.0 1.0 1.0 29 
405 2750 .28 485 1.0 1.0 1.0 1.1 29 
410 2750 .28 485 1.0 1.0 1.0 1.0 .29 
416 2750 .28 485 1.0 1.0 1.0 1.0 29 
j20 2750 .27 485 1.0 1.0 1.0 0.95 29 
430 2675 .28 485 1.0 1.0 1.0 0.91 29 
_ 
| 442 2650 .28 485 1.0 1.0 0.87 0.89 29 
; 
; 446 2650 .27 470 0.97 1.0 0.84 1.07 29 
302 2600 .29 500 1.03 1.1 0.65 1.60 28 
oup Carbon Steel 2700 .284 490 1.0 1.0 1.9 1.10 29 
Nickel** 2645 | 322 | 560 | 115 | 14 | 1.4 1.3 30 
rat Copper** 1980 | 323 | 560 | 115 | 0.7 [9.4 1.55 | 16 
"aig Aluminum** 1215 | .098 | 170 | 0.35 | 20 | 5.3 2.2 10 
lows 
ncreased Magnesium* * 1204 .063 109 0.22 2.2 3.7 2.5 6.3 
th some fag| Beryllium** 2345 | 066 | 114 | 023 | 38 | 38 11 40 
Gir *Approximate ratios—Type 410—1 **Commercially pure metal 
wor} 
Hust 
eraty Stainless steels are outstanding for mium with the result that de- 
inishing corrosion and oxidation resistance at pletion of chromium takes place 
The ordinary and elevated temperatures, high locally, usually at the = grain 
wl strength at high temperatures, excellent boundaries. Therefore, if heat 
| al hock resistance down to extremely low treatment has not been correct, 
r ott emperatures and high degree of strength low-chromium areas may be 
conta btainable by cold working. present and provide a path for 
é lati For the majority of uses these steels corrosive attack under many 
lowing are selected for their corrosion resistance. service conditions. 
mbiu However, the steels containing: only (d) Titanium and columbium have 
ng chromium and nickel as the principal greater affinity for carbon than 
ol alloying elements are susceptible to te on when 
agramnne corrosion. These metal- either of the first-named elements 
r pu lurgical fundamentals must therefore be is present in sufficient amount, 
mM pro taken into account to prevent failure of the precipitated carbide will 
rrosi stainless steels from localized attack: consist of either titanium carbide 
nts a a) Carbon can be completely dissolved or columbium earbide, thus allow- 
. by heating to temperatures above ing chromium to remain in 
r 1850 ° F. and then held in solution solution 
npr by subsequent rapid cooling. 
(») Carbon is precipitated out of solu- WELDING A.LS.1. TYPE 400 SERIES 
tion as a complex chromium 
carbide either by slowly cooling With proper precautions these steels 
s from any high temperature or by are weldable by the oxyacetylene, electric 
—— heating to temperatures below are, atomic hydrogen, gas shielded or 
about 1700° F. submerged are method. Electrodes may 
a {c) In steels containing chromium and be similar to the metal being joined. It 
, nickel alone, the precipitated is common practice, however, to weld 
carbide contains over 90° chro- these steels with austenitic 25-20 elec- 
— 
nin, | 
nax. 
) 
— & 
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WELDING 


related events 


The American Welding Society— 
How It Functions 


When someone puts out hard-earned 
money, he expects to get something for it. 
When it is for membership dues in an 
engineering society such as the AMERICAN 
WELDING Society, the purchaser expects 
to get something, and it is logical for him 
to expect immediate and tangible returns 
just as if he bought merchandise over the 
counter. It is true that similar returns can 
be had and that if that is exactly what one 
expects, then the attitude of a particular 
member ought to be the same toward the 
merchandise which he gets as it would be 
in the store. One would have to accept 
the merchandise on a take it or leave it 
basis. 

Actually dues are only a nominal fee 
which gives the member an opportunity to 
reap rich rewards. The real returns de- 
pend upon what the member does from 
then on. 


If we were one of the founders of the 
AMERICAN WELDING Socrery or a similar 
organization, we would recognize that we 
were creating a piece of machinery for 
cooperation and mutual benefit and that 
the mere payment of dues represented 
only the cost of a central office to house the 
machine, to keep it greased up and running 
and to distribute such returns as were 
available. We would not expect that the 
dues would provide these returns. We 
would all recognize that what we got out 
of the Socrery would depend entirely upon 
what we put in it. We would recognize 
that if each of the founder members put 
something in, that all of us would benefit 
from such contributions and the returns to 
each one of us would be in proportion to 
the total volume of contributions to the 
central hopper. But unlike any other 
machine, the returns to any one individual 
would not be lessened to any great degree 
by the returns to any other individual. 
Our returns would be dependent entirely 
upon the volume and quality of material 
put in the central hopper. It is very 
doubtful whether any other type of ma- 
chine exists which enables one to get such 
a tremendous return. 

As our Society grows larger and the 
date of founding becomes more distant in 
the past, some of us are likely to forget the 
original objectives for the creation of such 
a machine as the AMERICAN WELDING 
Society. We are apt to expect returns in 
the form of merchandise for the amount of 
dues paid. But somehow or other we feel 
we have the right to criticize the type of 
merchandise received or wish to have it 
altered in some way or another. But if we 
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have followed the line of reasoning hereto- 
fore indicated, we will appreciate that both 
the volume and quality are not dependent 
on the amount of dues but rather on the 
contributions of the efforts of the indi- 
vidual members, including ourselves! 

It would be difficult in one short article 
to enumerate all the possible returns that 
are available through membership in an 
organization such as the AMERICAN WELD- 
ING Society. It enhances our own pres- 
tige, it advances the industry, it helps us 
with our own job, it is a benefit to our 
employer, it prepares needed safety codes 
and standards, it provides for the inter- 
change of information and ideas through 
publications, meetings and the like and 
literally dozens of other services. 

There is opportunity and need for every- 
one of us to add our mite of contribution. 
Each of us has different talents and dif- 
ferent interests. Some will contribute 
papers to be published in the JouRNAL or 
presented at local Section meetings; 
others will participate in the discussion; 
some like to work on technical committees, 
codes and standards. Still others find an 
outlet in creating good fellowship, in 
enhancing our prestige through working 
for increase in membership. None of us 
is too important to disdain adding his con- 
tribution. None of us is so unimportant 
that his contribution is not needed. 

Let us assume that we were dissatisfied 
with some product of the AMERICAN 
WELDING Society or we wish to change 
our Socrery’s direction of activities. It 
is easy, of course, to write a critical letter 
to headquarters, or in some other manner 
to make known our dissatisfaction, but 
actually this is not the proper way to 
accomplish the results. The central office 
staff does not create anything. They are 
merely the tenders of the machine. They 
keep it greased, operating efficiently and 
without too much noise. If we want a 
different type of paper presented at a 
national meeting or a local Section, we 
must either contribute it ourselves or make 
suggestions where such a contribution can 
be obtained. If we do not like the codes or 
standards, we ourselves must help in 
getting them revised, possibly by furnish- 
ing the necessary information. If we feel 
that our membership is not of the right 
type and from the right occupational 
groups we must help get the ones that are. 

The AmeriIcaN WELDING Society is a 
very wonderful machine. We can get out 
of it that which we want within the scope 
of the Socretry activities and providing 
each of us puts in our share of the neces- 
sary time and effort. 


Tue Epiror 


Society Activities and Related Events 


Changes in 
The Welding Journal 


As a result of comments received oy, 
period of several years, and crystallize ( 
suggestions obtained in visits of the Fy. 
utive Secretary of the Socrery to 54 | 
Sections, the Publication Committee. y 
the approval of the Board of Directo. 
has restyled THe WELDING JouRNa\ 

Readers will probably note first , 
the improved quality of paper and | 
restyling of pages to provide more spa 
between lines and a more readable pay 
Improved paper has also permitted 
improvement in cuts of illustrations. 

The entire news section has been 
grouped to provide additional depa 
mental heads such as Society Activity 
News of the Industry, Personnel, \ 
Products, New Patents, New Literaty 
Section Activities, Employment Ser 
and New Members. 

A whole new section has been added 
the technical articles entitled, “The P 
tical Welder and Designer.” It is intend 
to keep this section about eight pages 
length and to feature each month 
article not over four pages and preferal 
less, together with a number of sma 
articles, hints and suggestions. In ord 
to create a section which is of real inter 
the help of all members is earnestly 
quested. An appropriation has |x 
granted to the Editor to pay $50 per mor 
for the feature article selected for this » 
tion. Members of the Socrery are urg 
to contribute material of this nature a 


also articles of briefer character, keepit 


in mind that this section is designed | 
marily for the practical welder and 
signer. 

Heretofore, the Editor has usually p 
mitted authors of articles and papers 
select their own headings. Under the 0 
arrangements and format, these heading 
must be limited to seven words. Thi 
fore, it will be necessary ior the Editor 
revise headings to conform to thes 
quirements. During the past sev 
months, abstracts or summaries of pap 
have been included. These will now 
eliminated and in their place there will! 
substituted a subtitle not to exceed 4 
words in length. Authors may [urns 
this description of the article or the Edit 
will prepare it. Other changes of a typ 
graphical nature to fit in with the ™ 
format have been made. 


One of the criticisms received by 
Executive Secretary in his visits to 


Sections was that the size of the Resear 
Supplement tended to overshadow * 
outbalance the JouRNAL proper. Und 
the authority granted it by the Board, ! 
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ELKONITE*, ELKALOY A*, 
MALLORY 3*, MALLORY 53B 
and MALLORY 100 METALS 


*Reg. U.S. Pat. Off. 
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A Tractor Every 


... With the aid of Mallory resistance welding dies, holders and electrodes 


One complete Farmall tractor turned out EVERY MINUTE! That’s 
the unbelievable production rate that International Harvester has 
achieved at its Louisville works with the aid of Mallory Resistance 
Welding die design and dies. 


Working only from the finished sub-assembly parts, Mallory designed 
and built the resistance welding dies that are used to achieve this 
production rate. The essential role that Mallory dies, holders and 
electrodes are playing in this amazing output performance is clearly 
evident from this fact. At peak production, the welding department 
handles 374,000 pieces every 24 hours. 


Mallory dies are proving their capacity for S-P-E-E-D in a spectacular 
way on this assignment. They're proving their capacity to effect 
ECONOMY, too. 

Performance such as this typifies Mallory leadership in solving 
resistance welding problems. This leadership covers all types of 
resistance welding .. . such as butt, flash, seam, projection and spot. 
Remember, Mallory research has been more extensive in this field 
than that of any other manufacturer. Submit your resistance welding 
problems to Mallory. 


MINUTE! 


Fight different sub-assemblies can be 
run on the same basic Mallory die with 
quickly changeable inserts—down-time 


being held to a minimum. 


P.R.MALLORY & CO Inc R Ss T A N 

THE PIONEERS OF MALLORY WELDING 
MATERIALS 
ELECTRODES—HOLDERS—SPECIAL DIES AND FIXTURES— 


ELKONITE* METALS—ALLOY ROD AND BAR STOCK— 
FORGINGS—CASTINGS—ACCESSORIES ‘res. u. s. par. ofr. 
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Publication Committee has concludedsatis- 
factory negotiations with the Welding Re- 
search Council whereby the size of the W eld- 
ing Research Supplement will hereafter be 
controlled and definitized. The Supplement 
will be limited to an average of 48 pages per 
month with three special issues not to ex- 
ceed 64 pages per month. The Welding 
Research Council has, up to this time, paid 
for half of the cost of typesetting, cuts, 
and make-ready for the Supplement. This 
arrangement will be continued, but the 
Welding Research Council will be called 
upon to pay the complete cost of all pages 
in excess of 624 pages per calendar year. 
These changes and improvements re- 

quire additional time and money. Up to 
now THe We.piNe JouRNAL has been 
self-supporting in that the revenue de- 
rived from advertising, sales of the 
JOURNAL and subscriptions other than 
membership, together with the subsidy 

granted by the Welding Research Council 
have exceeded the printing costs, salaries, 

overhead and distribution costs of THE 
WeELpING JournaL. The Soctery has 
been fortunate in obtaining the necessary 

advertising through the efforts of the 
Editor. To meet the increased costs, 

additional advertising is mandatory. Ar- 
rangements have been made with The 

Kotula Co., 400 Madison Ave., New York 

17, N. Y., to act as advertising representa- 
tives of the Socrrery. It is hoped that ad- 
vertising can be increased in this way. 

Members, companies and readers are urged 

to assist in this respect by pointing out 

wherever possible advantages of adver- 

tising in THE WreLpING JOURNAL. 

Postal arrangements provide that the 

Society set aside $2.50 per vear from each 
member’s dues for subscription to THe 


Available in these temperatures (°F) 


125 275 500 1100 
138 288 550 1150 
150 300 600 1200 
163 313 650 1250 
175 325 700 1300 
188 338 750 1350 
200 350 800 1400 
213 363 850 1450 
225 375 900 1500 
238 388 950 1550 
250 400 1000 1600 
263 450 1050 


Tem 


Simply mark your workpiece 
with the proper Tempilstik? 
When the mark melts, the specified 
temperature has been reached. 


Sociely Activities and Related Events 


WELDING JOURNAL. As indicated above, 
the Publication Committee, up to this 
time, has not had to call upon these funds 
and they have been utilized for other 
activities of the Socrery. Beginning with 
the current fiscal year, October Ist, a por- 
tion of these dues will be utilized by the 
Publication Committee in meeting the 
additional expenses brought about by 
these improvements. 

Every reader of the JoURNAL is urged 
to express his opinion as to these changes. 
Comments, favorable or otherwise, should 
be addressed to The Editor, Tut WeLpING 
JOURNAL, 33 W. 39th St., New York 18, 


Annual Meeting 


The Twenty-Ninth Annual Meeting of 
the Socrery held in Philadelphia during 
the week of October 24th was an out- 
»standing success. There was a registered 
attendance of more than 1400 people at 
the technical sessions of the Socrery. This 
registration is exclusive of those attending 
the Metal Congress Exposition and the 
Lecture Series held at the exposition hall. 

In spite of the fact that on every day 
there were three simultaneous sessions, 
some of the meeting rooms were crowded 
and in a few there was standing room only. 

The final program contained 21 tech- 
nical sessions comprising 66 papers. A 
novel feature of this session was the trans- 
fer of the Business Meeting and the Board 
of Directors meeting from Friday after- 
noon to Monday afternoon. This brought 
forth a better attendance and permitted 


Also available 


liquid form 


A convenient method of 
controlling working 
temperatures in: 


® WELDING 

FLAME-CUTTING 
© TEMPERING 

© FORGING 

® HEAT-TREATING IN GENERAL 


FREE 


in pellet or by 21” plastic laminated wall chart in color. 
Send for sample pellets, stating temperature 
of interest to you. 


TEMPIL’ CORP,., 132 west 22nd st., NEW YORK 11. N. Y. 


We invite inquiries from reputable distributors interested in handling Tempil° products 


the Board of Directors to go thr 
agenda without the usual worr’ 
bers catching their trains for ho 
Some 45 professors and a few foreig 
dignitaries attended the annua Univers 
Research Conference held on Wednesds 
evening. This number was augmented 
some 30 additional representati 
ing the evening session. It is on thi 
occasion that each of the professors has 
an opportunity to tell of the research we 
under way at some 30 institutions jp thy 


ough their 
cs of Mem. 
ne, 


cs attend. 


United States. We were quite pleased ; 
receive favorable comments from 4 
foreign visitors as to the research progres 


made in this country. 
The Awards of Prizes, described jn, py». 
vious issues, and the Adams Lecture + 
place on Monday evening. This 
was exceedingly well attended. 
The high spot of the entire sessio 
the Annual Dinner of the Amery 
WetpiInc Socretry held on Thursd 
Special credit is due to William Barnes 
the Philadelphia Section, chairman of 
Dinner Committee. Four hundred 
bers of the Socrery and their guests » 
wives enjoyed an excellent dinner and 
outstanding popular address on the hig! 
complex subject. “Rockets and Jet P 
pulsion,” by G. Edward Pendray 
Two inspection trips to the plants o! 
General Eletrie Co. and Baldwin | 
motive works were well attended 
Special credit is due to the Philadelp! 
Section for the smoothness of operati 
hotel arrangements, 


sightseeing 
registration and particularly the op 
tions at the technical sesslons and ( i 
at the conventional hall. The Natio 
Program Committee and the Conve: 
Committee are to be congratulated 


CASTING 
* MOLDING 
© DRAWING 
STRAIGHTENING 


— Tempil® ‘Basic Guide to 
Ferrous Metallurgy” — 16%," 
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ON this 
rch wor} Lukens presses and spinning machines produce 
eased { heads 4 inches to over 20 feet in diameter, 
Progress a or as thick as 6 inches ... in every standard 
1 in pre. aes: style and in special shapes to meet your needs 
Ire to 
sexs 3 ... ferrous, nonferrous and clad steels. Catalog 
ion was No. | describes 3,868 standard heads. For a copy 
‘ 
ursd and for prices, write Lukens Steel Company, 
407 Lukens Building, Coatesville, Pennsylvania. 
| 
il 
hig 
P “Head Work", 16mm motion picture in sound and color, on 
Li oe spinning and pressing of Lukens Heads is available without 
charge. Running time: 27 minutes. Write for a bookina date. 
Li 
elp 
d 


« *«# SPEED SCRAP TO THE MILLS TO MAKE MORE STEEL - 


AL Advertising 1063 


, ‘ 
‘a 
i 
‘ 
- 
ae 


METAL FABRICATOR 
CUTS COSTS 67 PER CENT 


—CAN YOU? 


G.E.’s money-sav- 
ing pack of facts: 
manual — movie 
—review booklets. 


Get these facts to your key men 
and see how much you can save 


* WITH ARC WELDING, a fabricator cut 
costs on one large metal part by 67%. 

* WITH ARC WELDING, a truck builder 
slashed production on dump trailer 
ies to an unprecedented 15 hours. 


In your plant, too, savings like these in time 
and money are possible—when your key per- 
sonnel know the up-to-the-minute facts on 
are welding—know how to put them to work 
on your problems. And it’s so easy to get the 
facts to them now—at no cost to you! 

FREE to business management 

Examine the General Electric Electric Arc 
Welding Manual free of charge. It covers 
every phase of arc welding from a list of 
welding services for the user to specific ex- 
amples of production feats in plants like 
yours. It provides up-to-date data about 
available equipment, power supply require- 
ments, design and safety measures. It’s 
written by experts, without sales bias, in a 
language your men can easily understand. 
Look through it. Satisfy yourself that it 
will pay off in your plant, then— 

Get a FREE showing of the film 
Your key personnel will enjoy learning the 
newest facts on arc welding in this modern, 
absorbing, visual way. Here’s a _ thirty- 
minute General Electric sound film in full 
color that wallops across its ideas—actually 
shows you precisely how are welding is 
building better products cheaper in plants 
like yours. It’s prepared by arc-welding 
specialists in terms that are grasped readily. 
Show it to your key men and— 

Get FREE review booklets 
They’re ideal for individual study and re- 
view. Have as many as you like, but— 

ACT NOW! Don’t delay. Remember—today’s 
¥ are welding offers you unprecedented oppor- 
tunities to cut costs, improve quality, lick 
difficult production problems. So start the 
f ball rolling by filling in the coupon below, 
and we'll rush you a copy of the G-E 
Electric Arc Welding Manual. Do it now! 


aannd 


: Attach 
; to your TO BUSINESS 
MANAGEMENT 

letterhead 
General Electric Co. 
1 Section F 684-9 
Schenectady 5, N. Y. 
1 Please mail me a sample copy of the G-E 1 
1 Arc Welding Manual without cost or ! 
1 obligation, with details on how | con |! 
1 arrange for a FREE SHOWING of the ! 
1 film. (Extra copies at regular manual '! 
price—$1.25.) 
Name Title i 
Company. 
5 J 
1 City 


GENERAL (ic) ELECTRIC 


arranging an unusually interesting and 
educational Annual Meeting Program. 


Year Book and 
Membership Directory 


It is planned to issue the material for- 
merly known as the “Year Book’”’ in two 
sections. The first section will be issued 
around January Ist and will be known as 
the “1949 Year Book” and will inelude 
| such material as report on membership 

status, financial statement, officers and 
committees of the A.W.S., standing com- 
mittee personnel, special committee per- 
sonnel, constitution and By-Laws, rules to 
govern organization, functions and opera- 
tion of technical committees of the So- 
CIETY, report of technical committee ac- 
tivities and technical committee personnel. 

The portion of the old Year Book which 
pertains to membership will be issued 
about July Ist and will be called the ‘1949 
Membership Directory.” This section 
willinelude an alphabetical list of members, 
eographical list of members, list of the 
supporting companies and sustaining 
members and write-up of the companies 
having sustaining memberships and a 
listing of the Section officers and meeting 
dates. 

Kither or both of these sections will be 
available to the membership on request. 
In connection with the ‘1949 Membership 
Directory” a card will be sent to every 
member of the Socrery, about the first of 
the vear. In order that the membership 
directory may be up to date and correct, 
every member is urged to fill in the «ard 
and return it to the Socrery as promptly 
as possible. 

The material contained in the old Year 
Book which gave information concerning 
the Socrery and its operations will be re- 
vised and enlarged and issued separately 
so as to be available to all new members 
upon joining the Socrery and to old 
members upon request. The exact title of 
this pamphlet has not been determined. 
It may be “How Your Society Operates.” 


President’s Address at 
Annual Meeting 


The AMERICAN WELDING Soctrety has 
published in booklet form the President’s 
address to the members of the A.W.S. at 
the Annual Dinner in Philadelphia, 1948. 
Copies are available on request. This 
booklet also includes a Report on Activi- 
ties of the Society by the Executive Sec- 
retary, J. G. Magrath, and reports on 
Activities of the Board of Directors by 
Miss M. M. Kelly, Finances by R. 58. 
Donald, Reserve Funds by R. D. Thomas, 
Publication by A. G. Oehler, Welding 
Handbook by H. C. Boardman, Foreign 
Libraries by O. B. J. Fraser, National 
Meetings and Expositions by E. V. David, 
Program Committee by E. Vom Steeg, 
Manufacturers Committee by J. D. Tin- 
non and Publicity by T. C. Fetherston. 
There are also reports by the Committees 
on Awards, Membership, Districts and 
Sections and a comprehensive report on 
the Technical Activities by C. H. Jennings, 
Chairman. Included also is a brief sum- 
mary of the work of the Welding Research 


Society Activities and Related Events 


Council by Dr. C. A. Adams 
this booklet are available to a 
of the Socrety without char, 
quest. 


Copies of 
upon 


Board of Directors Mecting 


A meeting of the Board of Direet, 
the AMERICAN WELDING 


So ry Was 
held in the Hotel Pennsylvania, \, 
York City, on Thursday, Sept. 16, jy4s 


with the following in attendance 

Members: H. O. Hill, D. Arnott, R 
Donald, C. Jennings, C. Ll. MacGufh 
H. W. Pierce, R. D. Thomas, C. A. Adams 
D. H. Corey, O. B. J. Fraser, A. B. King 
L. S. McPhee, G. N. Sieger, J. B. Tinnoy 
and A. C. Weigel. 

By Invitation: A. G. Oehler, Chairmay, 
Publication Committee; V. Da 
Chairman, Convention Committee; 
J. Landau, Auditor. 

Staff Officers: J. G. Magrath, Ereeut 
Secretary; M. M. Kelly, Secreta \ 
Spraragen, Editor, Toe WELDING Journal 
and 8S. A. Greenberg, Technical Secreta 


elar 


and 


Finances 


Auditor’s report showing financial status 
of the Socrery, as of Aug. 31, 1948 
reviewed. Report, submitted to Boar 
members for study in advance of the nu 
ing, included statements of assets and 
liabilities ; worth, consolidated 
sources and financial operations for th 
ll-month period ended Aug. 31, 14 
compared with a year ago; as well as 
sult of these operations, compared wit! 
estimated budget for the 11-month period 

Attention was drawn to the tollowir 
items: At the end of the 11-month period 
of this fiscal year, the expenses 
exceeded income by approximately 
000, which is the result, primarily, of th 
enlarged activity program undertaker 
during the year for the benefit of the mem- 
bership and, in part, to increased opers- 
tional costs. A differential of $44,000 in 
cash positions between Aug. 31, 1047 and 
Aug. 31, 1948 is explainable, in part, by 
the above loss, balance of the differentia 
being caused by the fact, as of Aug. 3! 
1948, no monies had been received on the 
new membership year billing. While the 
year’s budget anticipated an operationa! 
deficit, it believed that sufficient 
additional revenue would be forthcoming 
from the increased advertising rates and 
membership growth, to offset this opera- 
tional deficit. A proposed extensive mem- 
bership drive had to be postponed until 
fall, because of By-Law changes affecting 
membership dues that became effective 
in August of this year. 

Upon motion, duly seconded, report on 
financial operations of Socrery for the 1! 
months ended Aug. 31, 1948, 
cepted. 
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Welding Journal 


The Publication Committee Chairman 
summed up his Committee’s findings 
follows: 

His Committee favors wholeheart« ly 
improvement in quality and usefulness 0! 
the JourRNAL to members of the Soc!lTY 
as rapidly as the finances and personne! 0 
the Socrery will permit; his Commi! 
favors entering into negotiations with 
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In 1945, after several years of develop- 
ment and thousands of tests, The Inter- 
national Nickel Company introduced 


Ni-Rod* welding electrodes. 


FOR TRIAL SAMPLE At that time we thought our labora- 


tories had produced a rod that would 
finally take cast iron welding out of the 
“hit-or-miss”” class. 


Today, Ni-Rod hi yen bett 
LEARN WHY WELDERS in the field than it Hid in the pete co-mae' 
tests. 
NI-ROD a Sales ds show that 82% 
EASIEST HANDLING 
ELECTRODE EVER MADE 


TO WELD CAST IRON” 


Welders keep telling us that Ni-Rod is 
the easiest-handling electrode ever made 
for welding cast iron. 


And they’re not only using Ni-Rod to 
weld cast iron, They’re also using Ni- 
Rod to weld cast iron to steel. 


Boa 
an 
re 
of The Lnternational 
is Nickel Company 
lw 
coo HERE'S WHAT NI-ROD 
Se 
$2() - 
ft GIVES YOU 
performance 
In 
4 
a d @Stable arc in all positions 
t, by @Smooth bead contour 
entia e@Excellent “wash” 
yr. 3] @Easy slag removal MAIL 
the @Preheating seldom required 
fo the @ Works on either a.c. or dic. IT TODAY ! 
cient im the shop. We feel sure that you, 
and Ni-Rod comes in 342", 14”, 542” 
pera @ High-strength deposit and 3 16 ’ diameters. Please check ike 
hnem- Easy machinability ize you want on the « oupeon below. 
@ Thorough fusion 
unt @ Freedom from cracks and porosity 
‘ung @ Close color match 
‘tive 
_ “h usefulness ® Gentlemen: I'd like to try Ni-Rod welding electrodes. Please send me 3 free rods & 
ell of the diameter I have checked. oy 
all General repair and maintenance of 0%” Please check one size only 
cast iron parts, including the building a 
nan For correction of machining errors Add W. J. 12-48 
Cast iron to steel 
dly 
ol 
cm DEMBLEM OF ir SERVICE ( THE INTERNATIONAL NICKEL COMPANY, INC. 
tee CNI-ROD 67 WALL STREET NEW YORK 5, N.Y. 
ith TRADE MARK 
AL DecemBer 1948 Advertising 
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The Welding Research Council ;., limit the 


| 
| size of the Supplement to an ay, rage of 4g 
| 


pages; his Committee approv: 


x in prin. 
, ciple, payment for one or more practic. 
‘as | articles per month for the specia| depart. 


mental section entitled ‘“Practics| Wo 
and Designer’; his Committee 
mends entering into contract with 7), 
| Kotula Co. to solicit advertising jn 7 
| Wexpine JouRNAL on basis indicated 
| the Committee’s report to the Board , 
Directors, so as to relieve the Joury, 
Editor of this burden, which, ordinarily 
not a function of an editor, but whic 
heretofore, has taken up at least 5°; of ¢) 
Editor’s time. It is the opinion of | 
Committee that the Socrery must spe 
| money to obtain the additional reye; 
| needed for JOURNAL improvement 

Committee recommended acceptance 
JOURNAL budget for the coming year, wit} 


HE 


| such modification as may be recommended 
| by the Finance Committee; his Com. 


mittee deems it advisable to proceed j; 
an orderly step-by-step manner within th 


limits of the Socrety’s finances; his Com. 
mittee assumes that it will take about t 


LWo 

to accomplish the desired result 
Medel BPR Power Re nnn BIR idler Roll The Committee feels the employment oi 


The Kotula Co. as advertising managers 
on terms indicated in the report, is {| 
best advertising revenue-producer for tly 
| present. In order to make it worth their 
while, the company will have to obtair 
more than $85,000 worth of advertising 
It was agreed that the contract effected 
between that company and the Sociery 
will be on a sliding scale so that it becomes 
attractive only after a given amount 
advertising is brought in. The contract 
can be cancelled at any time by mutua 
consent, if not found profitable. Contract 
is being drawn up but before signatures are 
affixed thereto, it will be reviewed and ap- 
proved by the Publication Committee 
Chairman, the Editor, the Executive 


Medel APR Power Roll, Model AIR Idler Roll) © Secretary, the Treasurer and the Society s 
general counsel. 
A T U Pad tas t a G R re) L L & After due deliberation, the Board voted 


approval, in principle, of the Publication 
Committee’s recommendations for im- 


MORE 
PRODUCTION 
AND 

BETTER 
WELDS 

WITH 


provement in the JOURNAL, as given in 

Welders can make all welds ‘down hand” with heavier electrodes when letter and accompanying document, dated 

- Ransome Turning Rolls bring the work into convenient working position for Sept. 1, 1948, and signed by the Chairman 
increased production and neater, better welds. of the Publication Committee, with the 

The improved Ransome line includes three models, with standard capaci- understanding that the general plan out- 


ties from 3 to 45 tons, up to 14 feet in diameter, stationary or self-propelled. 


lined will be made effective at the disere- 
(Rolls for heavier or larger work also available.) 


tion of the Publication Committee. 

The Board expressed sincere apprecii- 
tion to the Chairman and members of th 
Publication Committee for their excellent 
handling of this matter anc, in turn, the 
Chairman of the Publication Committee, 
in behalf of his Committee, thanked the 
Board for its vote of confidence and re- 
sponsibility placed on the Committee 


Ransome features for trouble-free operation: unobstructed loading 
from either end, due to lowered drive mechanism e easy rotation under 
heavy load, due to anti-friction self-aligning bearings (Models B, C) e 
strength where most needed—exclusive combination bronze and steel 
reinforced worm wheel e quick adjustment for varying diameters e 
adjustable variable speed rotation. 


Send coupon for bulletin. 


Employment of Technical Assistant 
Rensome Machinery Company As a matter of information, the bxccu- 
| tive Secretary reported that, acting 00 
cond Bulistin, 230-2 on Ransome authorization of the Board at its ‘ast 
TURNING Turning Rolls. | 
ROLLS meeting, Jack Medoff was engaged, 0! 
| MACHINERY 50% | Aug. 1, 1948. 
POSITIONERS | | 
DUNELLEN, NEW JERSEY >. <> | | | Recommendations 
DIARY OF | 
ve7 | The following matters acted on 
asad | letter ballot were discussed: (a) Dis 
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TX200 
Welding 
i 
CIETY 
utua 
ETYs§ 
aul 
lated 
i HIGH IN PROTECTION ...LOW IN PRICE 
os Here’s the glove for welders who want all- _ provide a fuller palm for added comfort and . 
— around hand protection at a price that’s reduced hand fatigue. The TX200 is standard ; . 
1 re- seldom found these days for a product of _ length, gunn style, with a welted seam at b 
high quality chrome tanned cowhide. You'll _ base of palm and wrist. Sizes 10, 11 and 12. % 
cu- like its light weight for working ease and Your AO Safety Representative can supply | b: 
st the one-piece back and wing thumb which _ you with this highly serviceable glove. % 
Safety Division American Optical 
[is- 
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bandment of A.W.S.-A.S.M.E. Conference 
Committee; (6) revision of Rules Govern- 


i 1948 Annual Meeting in Ph, idelph 

ing Organization, Functions and Opera- correct the situation involves resetting the Oct. 24-29. Chairman David eporte 
tions of Technical Committees of the JOURNAL type completely before issuance progress—meeting arrangements «re mies 
SOCIETY. of the standard in bulletin form. As a 


In the first instanee, the Chairman of 


T.A.C. stated that action, recommending 
disbandment of the Conference Com- 
mittee, is predicated on findings of a 
special committee, composed of representa- 
tives of A.W.S. and A.S.M.E. Boiler Code 
Committee, namely, that there is no fur- 
ther need for this Committee, in view of 
the existence of the Subcommittee on 
Welding of the A.S.M.E. Boiler Code 
Sommittee, which now handles effectively 
welding problems heretofore referred to the 
Conference Committee. At the time the 
Sommittee came into existence, the weld- 
ing industry was not adequately repre- 
sented on the Boiler Code Committee. 


makes for a poor JouRNAL and an incon- 
venience to the JouRNAL reader. To 


measure of economy, T.A.C. recommends 
modification of rule so that, in future, 
circulation of proposed standards be 
limited to a representative group of in- 
terested persons in industry for comment. 
As received, comments will be given con- 
sideration and, where deemed desirable, 
changes will be made prior to presentation 
of proposed standard to T.A.C. for ap- 
proval. Such circulation may be direct; 
through publication in THe WesLDING 
JOURNAL or through publication in Tue 
WewtpinGg JouRNAL of notice, calling at- 
tention to availability of proposed stand- 
ard and that copies can be secured for re- 


Meetings of A.W.S. 


ing completion; program, including tee), 


nical sessions, educational lecty 


plant inspection, open meeting of 
Committee and social events, is 
ing; wide publicity has been given meeting 

ting 


activities in an effort to secure . 
while audience. 
the committees on arrangements 


and local 


1949 Western Metal Congress. 


ommendation 


Convention 


of 
and 


the Chairmen 
Manufacturers 


Series 


(stand. 
Worth. 
Mr. David reported 


national 
are doing an excellent Job, 


On ree. 


ot 


Railroad 


the 


M- 


mittees, the Board accepted invitatigy 


from the 


A.S.M. Board of Trustees fy 


participation of our Los Angeles Seetio, 
in the 1949 Western Metal Congress. 


view and comment, if desired. 
Since no objection was raised to above 


be held in Los Angeles, April 11-15. \y 
David stated that the Los Angeles Seetio, 
has indicated its interest in this Congress 
The Section will conduct independenth 
as in the past, a program of technical 
meetings, and will join with the othe 
participating societies in program of social 
and other activities. 


In notifying the Boiler Code Committee of 
action to disband the A.W.S.-A.S.M.E. proposed T.A.C. actions, approval of them 
Conference Committee, it is proposed to by letter ballot was reaffirmed. 
inform the Boiler Code Committee of the On recommendation of T.A.C., the 
willingness of A.W.S. T.A.C. to render ,Board voted to suspend this year, require- 
assistance on welding problems, whenever ment that A.W.S. representatives on 
called upon. technical committees of other Societies 
In the second instance, it was reported render annual reports. This action was 
that recommendation is to effect improve- based on need for devoting time ordinarily 
ment in manner of issuance of proposed spent on reports, to the new Welding 
standards or revision of existing standards. Handbook. Similar action was taken 
Present rule requires that each proposed previously by the Board on reports of 
standard be published in THe We.pina technical committees. It was stated 
JouRNAL for purpose of securing comments that the annual report of T.A.C. to the 
before final approval is given. Form of membership will embody an over-all ac- 
issuance provided for in existing rule count of the work of the technical com-_ 
avoids necessity of resetting type, but it mittees and reports on other Societies. 


International Institute of Welding 


Proceedings of inaugural meeting of th, 
International Institute of Welding, held 
in Brussels, June 9-11, 1948, were higb- 
lighted by R. D. Thomas, who attended 
the meeting as A.W.S. delegate. 

After a thorough discussion of involve- 
ments in subscribing to membership in 
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IN THE RED DRUM 


EFFICIENT 
ECONOMICAL 
DEPENDABLE 


FOR WELDING and CUTTING 
Use National Carbide in the Red Drum 


Write us for information as to nearest available stock. 
NATIONAL CARBIDE CORPORATION 


60 E. 42nd St. 
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SPEED PRODUCTION 


ALUMINUM 


Use the right welding method and the best weld- 
ing set-up with Alcoa Aluminum... you'll be 
money ahead on production costs and on pro- 
duction rates. 

The 128-page manual “Welding and Brazing 
Alcoa Aluminum” gives data on all types of weld- 
ing and brazing. There are tables of welding- 
machine settings and timing information to help 
adapt your present welding equipment to Alcoa 
Aluminum. 

Four sound movies give visual education to 


welders and designers, “Are Welding”, “*Resist- 
ance Welding”, “Torch Welding”, and ““How to 
Braze Aluminum” are available in both 16 mm. 
and 35 mm. Borrow these movies to show on your 
projector to your shop people. 

For information on welding, and to borrow the 
movies or obtain the booklet, call your local Alcoa 
Sales Office. Or write to ALUMINUM COMPANY OF 
America, 1933 Gulf Building, Pittsburgh 19, Pa, 


Technical Help .. . let us lend you the 
sound movie, “How to Braze Aluminum”. 
Also ask for your copy of the 128-page 
booklet “Welding and Brazing Alcoa 
Aluminum”. 
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this organization, and on recommendation 
of Mr. Thomas, the Board endorsed ac- 
cepting the leadership and sponsoring of 
U. S. membership in the I.1.W. jointly 
with Welding Research Council, at a 
total cost of £150, two-thirds to be shared 
by A.W.S., and one-third by W.R.C. 
The Board endorsed recommendation of 
the appointment of a Vice-President from 
U. 8. for a three-year term and for the 
appointment of three delegates, two repre- 
senting A.W.S., and one, W.R.C. The 
Board reaffirmed appointment of R. D. 
Thomas as A.W.S. delegate, and named 
Dr. A. B. Kinzel for office of U. 8. Vice- 
President in L.I.W., and the second A.W.S. 
delegate. Requested appointments of 
Chairmen of the Committee on Brittle 
Fractures and of Committee on Resistance 
Welding were referred for recommendation 
to W.R.C. and T.A.C., respectively. 

In response to question raised regarding 
arrangement for payment of travel and 
other expenses involved in the acceptance 
of the Chairmenship of the two Com- 
mittees named above, it was voted to refer 
this matter to W.R.C., T.A.C, and R. D. 
Thomas for study and report back to the 
Board. 

A vote of thanks and appreciation was 
extended to Mr. Thomas for the valuable 
services he rendered to the Society in 
this instance. 


Year Book Publication 


It was the consensus that the manner 
and time of publication of the membership 
directory, and of the listing of new officers, 
directors and committees, should be given 


further study from viewpoint of costs and 
convenience to officers, committees and 
office operation. The Executive Secre- 
tary, in consultation with the Publication 
and Finance Committees, was empowered 
to act. 


Membership Promotion 


The Executive Secretary elaborated on 
plans for promoting membership and re- 
taining interest of present members, which 
are covered at length in memoranda of 
Executive Secretary, Nos. 7a to d, in- 
clusive, and entitled “Membership Pro- 
motion’’—distributed among Board mem- 
bers at the meeting. He circulated around 
the table suggested design of a membership 
brochure, intended principally to interest 
and sell industrialists on membership 
benefits. He reported cost thereof. He 
explained that with Board approval, it is 
the plan to submit copy and cost of bro- 
chure to the Finance, Publicity and Mem- 
bership Committees for comment and/or 
approval. Discussion of these subjects 


‘ resolved themselves into the Board voting 


approval of proposed membership bro- 
chure, and in authorizing the Executive 
Secretary to proceed with membership 
promotional plans. 


Group or supporting company enrollments 


Urgency for a single application form 
for a company enrolling as members a 
group of its employees was projected. 
The solicitor’s embarrassment in asking 
company management to fill out and 
endorse separate application form for each 
member enrolled was pointed out. 


can afford. 


loosen, tear or burn out. 


Deep molded for positive protection. 


adjusting headgear. 


metal coverplate, lense holder. 


DOCKSON CORP. 


BUILT FOR BETTER SERVICE*BUILT FOR BETTER SERVICE*BUILT FOR BETTER 


ERVICE*BUILT FOR BETTER SERVICE®*BUILT FOR BETTER 


Here’s practical, fine quality protection at a price you 


Molded from one piece of sturdy fibre. 
Shock proof and light proof. 


Well ventilated, 
comfortable and easily sterilized. Convenient, quick 


Model 1250 shown here, is available with quick-change, 


Write for our Welding & Safety Equipment Catalogs. 


3839 WABASH « DETROIT 8, MICH 


*BUILT FOR BETTER SERVICE* 


Lack of information on (a) signatio, 
of a company paying $100 per annum ; 
a number of member enrollments. and 
number of enrollments permissi}le ypq, 
the $100 payment, was given as the regs, 
why a special application form is not ays; 
able. To correct the situation, the Bons 
voted that any company paying at Jeqg; 
$100 per annum in dues for individug 
members enrolled in the Socrery, shall }, 
known as a “Supporting Company” 4, 
is entitled to separate listing in the gp. 
crety’s Year Book. 

It further voted that the Execytiy, 
Secretary be authorized to prepare sep. 
rate application form for Supporting Com. 
pany memberships. 


Permanent Funds 


Suggestion was made by the Chairma 
of the Permanent Funds Committee tha 
consideration be given to amendment 
Article XII, Section 15, of the By-Laws, s 
as to provide the Committee on Permanen! 
Funds with voting power on withdrawals 
from these funds, and further to prohibit 
withdrawals from the funds on a favorab\ 
vote of at least two-thirds of those pres. 
ent at a meeting of the Board of Directors 
called for that purpose. As _ presently 
worded, the Article gives the Committe 
on Permanent Funds no control over with- 
drawals from the funds and enables seve 
members of the Board of Directors t 
authorize disbursements from the per- 
manent funds 
at Board 


ten representing a quorun 
meetings. The Board acted 


favorably on Mr. Thomas’ suggestion and 
directed that the matter be referred back 


parts to be welded. 


frame. 


WELDING CONNECTORS 


Saxe System Welded Connection Units 
for welded assembly 


Saxe Unita place in position and securely hold together structural 


_ As used in many welded structures they eliminate all hole punch- 
ing, producing an economical, rigid, safe and quickly erected structural 


Write for descriptive literature 


J. H. Williams & Company 
Buffalo 7, New York 
G. D. Peters Company 


Canadian Representatives 


Ceorone 


Montreal 2, Canada 


No rivets to 


TIP CLEANING DRILLS 
Mounted in Knurled 


YILLIG YOM LUNG YILLIG YOI LING 


BRASS Handles 


LARGE STOCK 
PROMPT DELIVERY 


DISTRIBUTORS WANTED 
NEW MEXICO STEEL CO. 


Box 1546, Santa Fe, N. M. 


Society Activities and Related Events 


Tue WELDING JOURNAL 


‘ 
. 4 
| | | AA py. 
One Piece BD 
3 
| 
| 
| | 
| 
| 
1070 
: 


nnum 
and (} 


ile under 


he reas, 


avail. 
ne Board 


At legs; 
idividus 
Shall by 
ny” ay 


the Qo. 


‘XECUtive 
LTe Da- 


ing Com. 


hairma 
tee tha 
ment 

Laws, s 
rmanent 
idrawals 
prohibit 
ivorabl 
SE Pres. 
Jirectors 
resently 
mmitter 
er with- 
PS Seve] 
‘tors t 
he per- 
quorun 
1 acted 
ion and 
ed back 


tural 


inch- 


tural 


RNAL 


Designers, engineers, foundrymen, metallurgists, 
quality-control men, radiographers, welders .. . 


4 the covers of this book is a complete, authori- 
eee ere S T 00 tative x-ray text... an invaluable answer book on 
practical x-ray questions. It gives industrial x-ray users 


that will answer your the most up-to-date . .. the most clear-cut operating 
data available! 

questions about X-ray Every important phase of radiography is thoroughly 
discussed in its 122 pages. Data are completely backed up 
... by 64 highly illustrative photographs . . . 38 colorful 


practice and technics drawings . . . 44 newly published, clearly presented tables 


and charts! 


eee clearly, quickly, This material gives you the answers to questions like 
these: How can I get higher contrast and better detail visibility 
authoritatively Price $3 im my radiographs? .. .( ‘an I improve sensitivity by process- 
e e ing longer? ... Can I increase penetration with intensifying 
screens? .. . Is agitation during development important? 


Order your copy now. Here is your guide to more efficient x-ray results. Order 


your copy of “Radiography In Modern Industry” from 


your local x-ray dealer. 


EASTMAN KODAK COMPANY 
X-ray Division ° Rochester 4, N. Y. 


Ra dio g rd phy. .. another important function of photography 


Kodak 
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complete specifications. 


MANIFOLDS 


an Rugged construction and control 
ACETYLENE equipment give RegO manifolds long life, safe 
HYDROGEN performance and low maintenance. 
NITROGEN 


Continuous Operation . . . Shut-off valve at 
each cylinder station permits removal of any 
cylinder without shuting down entire side of 
manifold. Master valves control each bank of 
cylinders. 


Unit Construction ... Header consists of steel 
I-beam, extra heavy brass pipe and fittings, 
cylinder station and master shut-off valves... 
with all permanent connections silver brazed. 


Precision Regulation . . . Uniform delivery 
pressure is assured by dual large capacity two- 
stage RegOlators. 


and other high 
pressure gases 


Write for 24 page 
catalog giving 


4201 Peterson Ave. Chicago 30, ill. 
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to the Committee on Permanent Fu; 
with request for definite recom; ¥ 


nendatj 
which the Committee believes peor, 
to correct present inaccuracies 
Annual Report of Executive Secretay, 

q 


On request of the JOURNAL Editor ; 
Board voted to have the report 
| Executive Secretary printed in Tue W, 
| ING JouRNAL, after editing by the p,. 
| dent. 


Welding Handbook 


On recommendation of the Handb 
| Committee, the Board authorized pf. 
| ceeding with publication of 10,000 cop. 
| of the third edition of the Welding Hy, 

book, in accordance with quotation ; 
nished in letter, dated July 27, 1948, ;, 
| the Mack Printing Co. 
| Report on all activities of the Soc; 
for the administrative year beginniy 
Oct. = 1947 will be published in pamp 
form and distributed at the Business \wu. 
ing. 


Annual Meeting—Dates of Business « 
Board of Directors’ Meetings Advanced 
| 


It was the sense of the meeting that tly 
| beginning of the week would be more suit 
| able for these meetings, than the end of 
the week, as heretofore arranged. Ac 
| cordingly, the Board voted to advance th 
| dates of the Business and Board Meeting 
from Friday, October 29th, to Monday 
October 25th, and to have present at th 
Board meeting, members of the 1947-4 
| and 1948-49 Boards of Directors. It wa 
| understood, in making these changes, t! 

the 1947-48 officers would continu 
office until the close of the 1948 Annu 
Meeting, as prescribed by the By-Laws 
Appreciation 
Mr. Weigel, in behalf of the Boar 
| offered the following expression of 4 
| preciation to Mr. Hill: : 
“Since this is the last meeting of t! 
| Board of Directors of this fiscal year, 
| which our President, H. O. Hill, 
| preside, the Board of Directors wishes 


| congratulate him on the capable and ef 
| cient manner in which he has handled | 


many problems. 

“Prior to Mr. Hill's being elected to 0 
Presidency, he was very active on some 
our most important committees and, dui 
ing this last year, has given much time a! 
unstinted attention to our affairs and \ 
know that he will continue to be one 
our most active members.” 

Mr. Hill expressed his gratitude. I! 
stated it was a great pleasure for him ' 
carry on this work, and he extended tot! 
Board of Directors, the National and Se 
tion Officers, and to Headquarters Sta", 
vote of thanks for their wholehearted ¢ 
operation. 


Adjournment 


The meeting adjourned at 3:30 P.M. 


Articles needed by the 
Editor for the section on 
Practical Welder and De- 
signer 
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Spot welding a new alloy mainspring at Elgin. 


DecEMBER 1948 


BETTER WELDS FASTER with General Electric 


Apparatus Dept., Sec. B645-47 
General Electric Company 
Schenectady 5, N. Y. 


Please send me the following bulletins: 
The Importance of Control, GEA -4571 
(C0 Thyratron Welding Control, GEA-4175A 


(Synchronous Control for Spot and Projection Welding, 
GEA -4699 


(CO Nonsynchronous Control for Spot and Projection Welding, 
GEA -4726 


Address.__. 
3 State. 


GENERAL ELEC 
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THE 


X-Rays That Will Penetrate 
16-In. Steel 


The world’s first mobile betatron, a 10 
million-volt X-ray generator whose rays 
are capable of penetrating 16 in. of steel, 
is now being installed at the Naval Ord- 
nance Laboratory, White Oak, Md. 

The machine will afford the Naval 
Ordnance Laboratory sharp, clear internal 
pictures of thick sections of steel such as 
castings, welds and armour plates. These 
pictures will reveal defects such as cracks, 
blowholes and other flaws which cannot be 
detected by any other means. 

The betatron consists of a powerful 
electromagnet weighing approximately 
2'/, tons. This magnet surrounds a 
doughnut-shaped glass vacuum tube in 
which electrons are accelerated and made 
to produce X-rays by striking a tungsten 
“target.”’ The unit is compactly housed 
in a steel casing 4!/2 ft. wide, 4 ft. high and 
2'/, ft. deep. Portable with the use of a 
crane, the entire unit weighs approxi- 
mately 5500 Ib. 

Engineers who built the betatron, state 
it can take an X-ray picture of a 1-in. 
thick piece of steel in one sec., almost as 
fast as a conventional camera takes a pic- 
ture of its surface. Its rays can penetrate 
a one-ft.-thick piece of steel in a matter 
of minutes as compared with hours for a 
conventional X-ray machine. Betatrons 
with higher energies have been built, and 
are invaluable in the field of nuclear re- 
search, but they are not so well suited to 
industrial problems. For example, their 
beams are too narrow for use at close range. 


Lustron Orders Big Machine 
for Welding Houses 


Purchase of a new type, high-speed 
welding machine described as ‘‘one of the 
largest in the world and one new to the 
home-building industry” was announced 
in Columbus, Ohio, by Lustron Corp., 
producer of porcelain enamel steel homes. 

Carl G. Strandlund, president of Lus- 
tron, said a contract for the $90,000 ma- 
chine had been let to the Multi-Hydro- 
matic Welding and Manufacturing Co. of 
Detroit. The machine, built to special 
Lustron specifications, is 58 ft. long and 
will turn out completed roof trusses for 65 
homes daily. 

Richard P. Joy, president of the De- 
troit firm, said this type of welding ma- 
chine had been used by the automobile 
industry since 1930 with a resulting great 
increase in the number of cars produced. 
He said that “if the employment of these 
machines becomes general in home build- 
ing, there is every reason to believe that the 
resultant mass production of homes will 
do much to lower building costs and bring 
needed dwellings within financial reach of 
millions more people.”’ 
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Airco Export Corporation 
Changes Name 


In order to reflect better its import- 
export operations, Airco Export Corp. 
has changed its name to Aireo Corp. 
(International). This change took place 
Oct. 1, 1948. It in no way affects the 
corporate structure, function or personnel 
nor its location at 33 W. 42nd St., New 
York, N. Y. 

Airco Corp. (International) was formed 
in December 1945 as the Airco Export 
Corp. It is a wholly owned subsidiary of 
Air Reduction Co., Inc., which includes, 
among others, the following subsidiary 
companies: Air Reduction Sales Co., 
National Carbide Corp., The Ohio Chemi- 
eal & Mfg. Co., Pure Carbonic, Inc., 
Wilson Welder and Metals Co., Inc. and 
Hospital Supply & Watters Laboratories, 
Ine. 

Besides handling all of the exports of 
the Air Reduction Co., Inc., subsidiaries 
listed above, Airco Corp. (International) 
also offers for worldwide distribution the 
products of U. 8. Industrial Chemicals, 
Inc., in whom Air Reduction Co., Ine., 
owns important interests. 
(International) is the exclusive export 
representative for Sharples Chemicals, 
Inc., the stainless, electrical and special 
alloy steel products of Allegheny Ludlum 
Steel Corp. and the CO, plants produced 
by The Girdler Corp. 

Airco Corp. (International) has already 
handled a number of import trans- 
actions and plans to intensify consider- 
ably this phase of its operations as condi- 
tions permit. 


Airco Corp. 


Pullman-Standard’s 
Production Sparked 
by Package Box Car 


Pullman-Standard Car Mfg. Co.’s de- 
livery of 21,464 freight cars to the nation’s 
railroads during the first nine months of 
1948 exceeded by 5023 the cars delivered 
in all of 1947 and was greater, with one 
exception, than in any full year since 
1930, Wallace N. Barker, executive vice- 
president, said recently. 

Barker attributed Pullman-Standard’s 
increase in the building of freight cars this 
year to the long production runs that can 
be accomplished, given adequate orders, 
in a commercial car shop and also to a 
standardized product—the PS-1—an all- 
welded ‘‘package’’ box car which was in- 
troduced to the railroads in June 1947. 

“As this car is built of component parts 
mainly engineered and manufactured in 
our own shops, standardization has made 
it possible for us to extend our application 
of mass production techniques both in 
fabrication and assembly,” Barker said. 

Of the 21,464 cars delivered from Pull- 


News of the Industry 


man-Standard’s three freight ca) plante 
during the first nine months, more ¢) 
50%, or 12,560 cars, were of the PS-] ty, 
This brought to 15,400 the PS-1's deliyons 
to the railroads since mid 1947. 

“Since the introduction of this car. 49 
of all box cars ordered from all contry 
builders and 28% of all box cars order 
from all sources have been PS-1's,” Bark: 
said. 


Code for Pressure Piping 
to Be Revised 


The American Standard Code for Pres. 
sure Piping, safety standard for all steay 
and power services, is to be complete) 
revised within the next two years, accord. 
ing to Frank 8. G. Williams, new chairmap 
of the committee which functions unde 
A.S.M.E. sponsorship. 

Originally organized in 1926, the com. 
mittee includes representatives of groups 
primarily concerned with safety of high- 
pressure piping Members-at- 
large are recognized experts in the piping 
field. Sabin Crocker, Consulting Engi- 
neer of Ebasco Services, Inc., is vice 
chairman, and L. W. Benoit of the Manv- 
facturers Standardization Society of the 
Valve and Fittings Industry is secretary, 

In his charge to the committee, Mr 
Williams emphasized the character of th 
Code as a safety code rather than a desig: 
specification. He stressed the need fo 
making periodic interpretations wher 
necessity arises. 


systems. 


Specific subcommittees were appointed 
to revise sections of the Code (1) power 
piping systems, (2) gas and air piping 
systems, (3) oil piping systems, (4) dis 
trict-heating piping systems, (5) refrigers- 
tion piping systems, (6) fabrication and (7 
corrosion-service piping. A second grou 
of subcommittees include (1) material 
and stresses, (2) standards and identifica 
tion, (3) instrument piping, (4) mechanica 
design, (5) liaison with A.S.M.E. Boiler 
Code Committee and (6) welding proce 
dures and qualification. 

Thus, the chairman announced, tech- 
nical subjects which cross all fields o! 
service, such as instrument piping an 
mechanical design, will be handled by 
separate technical committees. It & 
proposed to recognize liaison with other 
code-making bodies as a major function 
and responsibility to eliminate overlapping 
of jurisdiction and achieve uniformity 
For example, the committee will continue 
to look to American Society for Testing 
Materials for solutions to materials prob- 
lems. A special committee on welding 
will keep its attention focused on develop- 
ments in that field that affects the cod: 

The A.S.M.E. Boiler Code Committee 
already has formed subcommittees to ¢ 
tablish allowable stresses for materials 
It is proposed to cooperate with this group 
rather than duplicate the activity. 
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Diants 


Monessen, Pa., Atlanta, Chicago, Denver, Detroit, Los Angeles, New York, 
Philadelphia, Pittsburgh, Portland, San Francisco, Bridgeport, Conn. 


Advertising 


ELECTRODES 


We found outa long time 
ago that welding stainless 
steel is not always as sim- 
ple as it looks. So we set 
out to study the problems 
and find the answers. 


Since then we have developed 
the complete line of PAGE- 
Allegheny Stainless Steel 
Electrodes and Gas Welding 


‘Rods. More important, we have 


collected—from our Field Serv- 
ice men, our distributors and 
their customers—a valuable 
fund of information about weld- 
ing techniques. We have been 
able to offer real help to many 
fabricators of stainless steel. 


If you are welding 
Stainless, we suggest 
that you 
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An editing committee is charged with 
responsibility for uniformity of style and 
an indexing system for subject matter in 
each section of the code under uniform 
numerical This subcom- 
mittee also reviews incoming questions 
dealing with interpretation, makes a 
canvass of opinion among other subecom- 
mittees and recommends action to the 
executive committee. Interpretations 
may then be published as official interpre- 
tations of the code. 

The executive committee will meet at 
six-week intervals until the work is well 
under way. Address all communications 
to the Secretary, L. W. Benoit, Manufac- 
turers Standardization Society, 420 Lex- 
ington Ave., New York 17, N. Y. 


references. 


Annual Meeting of American 
Metallizing Contractors 
Association 


The annual meeting of the American 
Metallizing Contractors Assn. will be held 
at the Mayo Hotel, Tulsa, Okla., Dee. 
2-4. 

A.M.C.A., which will celebrate its first 
anniversary, is dedicated to the further- 
ance of the metallizing process by promo- 
ting interest and cooperation within the 
industry itself and with the industries it 
serves. 

Composed of the more prominent con- 
tractors of America, A.M.C.A. conducts a 
research and development program, an 
educational campaign, and an information 
service. It is a nonprofit organization. 

On the agenda at the December meeting 
are featured the following events. 

“Bonding Methods Used in Metalliz- 
ing,’ an address by Peter G. Dennison, 
President of the Metal Spraying Corp. of 
Milwaukee, Wis. 

A round-table discussion of ‘“The Eco- 
nomic Aspects of Operating a Metallizing 
Contract Shop” will be led by Manley 
Clark, General Partner, Clark and Co. of 
Newport Beach, Calif. 

The feature event will take place at a 
dinner meeting on December 3rd, William 
C. Reid will address the group on the sub- 
ject, “Metal Spraying in England.” Mr. 


Reid, who has had 20 years’ experience in 
the field, serves as Consultant to A.M.C.A, 


He has recently returned from an inspec- 
tion tour of metallizing installations in the 
British Isles. The inspection tour was the 
result of an invitation of the British Metal 
Sprayers Assn. and was financed by A.M.- 
C.A. 

All operators of metallizing contract 
shops are invited to attend the meetings 
at Tulsa. Reservations can be arranged 
through Walter B: Meyer, Secretary, 
American Metallizing Contractors Assn., 
773 Brownell Ave., St. Louis 22, Mo. 


Historic Swiss Church Bell 
Restored 


A church bell cast 282 years ago in 
Switzerland, in 1666, has been successfully 
restored with the use of Eutectic low-heat 
alloys, manufactured by Eutectic Welding 
Alloys Corp., 40 Worth St., New York 13, 

The damaged section contained thre« 
large cracks and required only 8!/s Ib. of 
Eutecrod 18FC for complete restoration. 
The bell which weighs almost 500 Ib. and 
stands 2'/. ft. high, was preheated to 
450° F. and restored in record time with 


no overheating or damage to the base 
Its tone is now highly satisfactory 


metal. 


Historic Swiss Bell cracked 
and seemingly beyond repair 


Buy “PROVEN FLUXES” 
Years of GUARANTEED SATISFACTION 


SPOT 


No. 16 Silver 


behind these GOOD 
“ANTI-BORAX”’ FLUXES 


Insist on them — Unequalled Quality 


No. 1 Cast lron Welding Flux 
No. 2 Brazing Flux for Brass, Bronz 
No. 4 Braz-Cast Flux for Bronze Wel 
No. 5&8 Cast & Sheet Aluminum 
No. 9 Stainless Steel Welding Flux 
No. Tinning Compound 
der Paste Flux 


ding Cast lron 


Mis. By 
ANTI-BORAX COMPOUND CO., INC. 
Fort Wayne, Ind. 


Steel, etc. 


for church purposes and may be pyt toy 
for another 282 or more years. 


Experts Visit Inga!!s 


On the occasion of starting th) 
stress measurements for a larg: 
mental, welded box girder, recent visitor. 
at The Ingalls Shipbuilding Corp.'s a, 
yard at Pascagoula, Miss., were La Mov, 
Grover, chairman of the Structural sy, 
Research Committee of the Welding py. 
search Council, and Dr. Finn Jonasg 
Technical Director of the Committee 
Ship Steel of the National 
Council. Dr. Jonassen is Cooperating 
with the Structural Steel Research Cop 
mittee as chairman of its special sgh. 
committee to carry out residual strpos 
measurements on the last of six 4-ton by 
girders that have been constructed at thy 
Ingalls Shipyard for the Welding Reseaprd 
Council. 


 Tesidug 
» ©Xper. 


LOSe@are 


The first five girders were tested unde 
load at the National Bureau of Standards 
to determine their behavior at varioy 
temperatures of testing, between rooy 
temperatures of testing and 45° beloy 
zero. The sixth girder will be virtually de 
stroyed by the removal of plugs to dete 


Bell restored with Eutecrod 
18FC 


OF ALL TYPES 
SIZES 1/4 TO 300 KVA. 
FOR MANUAL, AIR, MOTOR 
OR ELECTRONIC OPERATION 
also BUTT, ARC, and 
, GUN WELDERS 


WELDERS 


RANSFORMERS 
IMMERSED 


779 South 13th St. 
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TRANSFORMERS 

For Furnaces, Lighting, Distribution, Power, Auto 

| Phase Changing Welding, and Special Jobs. 
AIR OJL, end WATER COOLED. 


Sizes 1/4 to 300 KVA. 
CHARLES EISLER 


EISLER ENGINEERING CO., INC. 


(Neer Avon Ave.) NEWARK 3, N. J., U.S.A. 
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FOR SHIELDED ARC 
AUTOMATIC WELDING 
BUILDING 


SURFACIN 


‘with all standard makes 
Automatic Arc-Welding heads 


Metal! Weld Smooth Silk 


Mild steel grades, hard-surfacing grades, stainless steel 


grades. Thickness of overlay can be accurately e 
controlled with minimum machining. 


Our field covers the jobs that other auto- 
matic-welding metheds cannet handle. 


RACO Composite Type A does a beautiful job on large or } 
‘smoll tanks, pipe, girders, refrigerator compressor units, 
flexible couplings, pistons, piston rods, rolls, large or small 
shots, plungers, locomotive: Wheel centers, brake-drums, 
a cr. her parts, tractor rollers, mine-car wheels, trunnions, etc. 


SINCE 1919 PRODUCERS OF ARC WELDING. ELECTRODES. AND WELDING RODS” 
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LaMotte Grover, Chairman of the Structural Steel Research Committee of the 

Welding Research Council, explains the testing procedure on the last of six 9- 

ton box girders which have been built at The Ingalls Shipbuilding Corpora- 
tion’s Pascagoula, Mississippi, shipyard 


mine whether this type of girder (simulat- 
ing the hull of a ship) contains unusually 
high lock-in, residual stresses, when the 
welding is done in a very unfavorable 
sequence and by the difficult welding pro- 
cedure that was used. 

While in Pascagoula, Mr. Grover spoke 
before the local section of the AMERICAN 
We Sociery, briefly describing the 
test program of the box girder, which he 
had designed for the purpose of throwing 
more light upon the cracking difficulties 
that were experienced by some of the ship- 
yards during the war. All of the box gir- 
ders constructed by Ingalls and tested 
under load have shown remarkably good 
behavior, as have the welded ships that 
have been constructed by Ingalls. Mr. 
Grover also discussed the rapid advance- 


ment of welded bridge and building con-’ 


struction in the United States and Canada, 
and in various European countries where 
many welded railway bridges have been 
built. 

Following Mew Grover’s talk, Dr. 


Time Counts - 
Gas cut and Weld with 


SHAWINIGAN PRODUCTS 
CORPORATION 


EMPIRE STATE BUILDING, NEW YORK 


Jonassen presented a brief outline of 
various other research programs having a 
bearing upon the problems of the failures 
of welded ships. These other programs 
have been conducted under the auspices of 
the Ship Structures Committee, which is 
constituted of representatives from the 
U. S. Navy Bureau of Ships, the United 
States Coast Guard, The United States 
Maritime Commission, the Transportation 
Corps of the United States Army and the 
American Bureau of Shipping. 

Apart from the steady improvement in 
control of welding operations in shipyards 
and continual improvements in details of 
design for welded ships, the most notable, 
tangible result of these research programs, 
to date, has been a revision of the specifica- 
tions for hull plating in the ranges of com- 
paratively thick material, as adopted re- 
cently by the American Bureau of Ship- 
ping, for all construction of merchant 
ships. 

While in Pascagoula, Dr. Jonassen and 
Mr. Grover visited the new all-welded 


steel stadium which has bee; 


cently, and which is said to hay. a 4 
signed and constructed in accord::\ce wit} 
principles regarding welded retur; 
connections which have been se' rth we 
Manual of Design for Are-W¢.)) Stee 
Structures, compiled by Mr. Grove; 

Welding Engineer for the Air li -ductio, 
Sales Co., on the technical staf? thei 


New York office. 


Welded Broom Machine Fran, 


Since using welding equipment in 4 
fabrication of frames for its broom-sew) 


machines, 


the Baltimore Broom \{4 


Co. has reduced both the weight and 4 


cost of these frames, according to Char) 
EK. MeCaffrey, 
and Director 


said, was brought about by the inere 
difficulty and delay experienced by 


of 


the compan Th 
change to welded frames, Mr. MeCafiy 


company in obtaining the cast fran, 
formerly used, and the fact that the hig 
cost of the castings bore heavily on ¢! 
cost of the completed machines. 

In deciding to 
frame, important consideration had to | 


given to the 


convert 


to a welded 


continued use of existing jigs 


il 


A G-E 200-amp. a.-c. Welding Trans- 
former being used to fabricate a broom 


machine frame in the Baltimore 


Broom Machine Company plant 
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How to fabricate Lukens Clad Steels is told in 
this brand-new, 100-page book: Nickel-Clad, 
Stainless-Clad, Inconel-Clad and Monel-Clad. 
How to handle, cut, form, weld and _ finish. 

Welders will find recommended procedures 
for each step described here in detail. Fol- 


low them and you'll gain full clad steel 
economy with the protection of the solid 


corrosion-resistant metal protection. 


The types of cladding available througn 
vi 
wukens are listed—the widest range available 
Luk listed—tl lest g labl 
from any source. Their physical and chemical 

phy 
properties, together with specific suggestions for 
their application, are shown. 
You may have a copy of 
this new book. Just write 
Lukens Steel Company, 407 
Lukens Bldg., Coatesville, Pa. 


LUKENS 


Nickel-Clad Stainless-Clad 
Inconel-Clad Monel-Clad 


STEELS 


SOLID METAL ADVANTAGES WITH CLAD STEEL ECONOMY 


+ + SPEED SCRAP TO THE MILLS TO MAKE MORE STEEL « - 
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and fixtures, as well as to the retention of 
the design of the numerous appending 
parts and the over-all practicability of a 
weldment, McCaffrey pointed out. 

Despite these design difficulties, the 
engineers proceeded to fashion a workable 
weldment. Using sheared or burned flat 
steel wherever possible, and a General 
Electric 200-amp. a.c. welder, they took 
advantage of the possibilities offered by 
welding to achieve lighter sections. 

The resulting welded frame featured a 
marked reduction in cost, a weight de- 
crease of 33'/,°,, and a structure that is 
stronger than the casting, Mr. McCaffrey 
stated. 

Through the application of welding to 
other of their operations, he went on to 
say, the Baltimore Broom Machine Co. 
expects to make possible further savings 
and improvement in production. 


1949 Nash 


The “49 Nash cars are the first of the 
industry’s postwar models with front 
wheels totally enclosed. This styling 
advance, permitting full wheel swing on 
curves, Was made possible because the new 
fender line is well outside the wheels. 
Tire removal is accomplished without diffi 
culty. Rear fenders also are fully enclosed. 
The new cars feature Nash-pioneered 
body building methods that incorporate 
all body and frame parts into a single 
electrically welded unit that is strong, 
rugged and free of rattles or squeaks. 
This ‘“‘Unitized’’ body-frame provides a 
lower silhouette without loss of interior 
head room, and more particularly without 
loss of ‘entering head room” or lowering of 
seat cushion height. Without sacrificing 
road clearance, the new, larger cars are 
lower than previous models, standing 62 in. 
high compared to 68 in. for 1948 models. 
Distinctive front-end appearance 
achieved with a broad low hood and flow- 
ing body lines that taper gracefully. 


“X-Ray”’ shows Nash construction 


The front grille is a massive, chrome- 
barred, racing-type air scoop, set low to 
conform with the car’s generally lowered 
appearance. 

Functional beauty is achieved in the 
rear-end design by an unusual single- 
unit arrangement of the tail, stop and di- 
rectional signal lights, trunk deck handle 
and lock located in the lower edge of the 
trunk lid. 


One of the important advan! ages of, 
relatively new method of joining jpop , 
is the retention of full wall thicknos 
the pipe and, consequently, full stro 
of the pipe by eliminating thread ey), 

Leak-tight joints were obtained 
tween pipe and fittings by sweating jy 
high-strength silver brazing alloy 
oxyacetylene torches as shown in the jy 
photo. 


New lee Freezing Floor 
for Madison Square Garden 


Madison Square Garden, scene ot 
many eXtravaganzas, is itself a colossal 
structure. Maintenance and replacement 
on the building and equipment are often 
done on a scale as big and impressive as the 
sporting events themselves. 

A new concrete-embedded piping system 
for freezing ice, for example, included the 
laying of 13 miles of 1'/,-in. galvanized 
wrought iron pipe placed 4 in. on centers 
over the entire arena floor. An innovation 
in this new piping system involved the use 
of 3000 Easy-Flo brazed Flagg-Flow 
threadless malleable. iron fittings which 
were used to join the 20- and 40-ft. lengths 
of pipe. 


Graceful styling seen in °49 Nash 


During fabrication and after comple 
of the job continuous testing Was Carr 
on, including a preliminary “suds” tes 
under 100 Ib. air pressure followed | 
hydrostatic pressure tests of 100 ib. wh 
is more than twice the normal work 
Out of the 6000 brazed joi 
made with the threadless fittings an \ 
ceptionally low percentage of leakers wi 
found and these were quickly repaired | 
reheating and applying «a small amoun! 
the brazing alloy to the pipe and | 
tings. 

After testing, the piping system ww 
embedded in concrete and topped « 
terrazzo, 


pressure. 


The new floor and piping sv 
tem are subjected to tremendous weigh! 
vibration and temperature 
ranging from 10 to 70° F. 


Variations 


“ELECTROBQY for RESISTANCE WELDING 


Tue Evectroroy Co. Inc. 1600 Coun. WELDING ROLL 


Butt 
Flash 
Spot 
Seam 


Projection 


OFFSET HOLDER 


Catalog 
and 
prices 


= on request 
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NOW 
INCO’S SPECIAL WIRES FOR SHIELDED 
ARC WELDING MONEL, NICKEL and INCONEL 


The International Nickel Company announces a series of 
bare filler wires developed especially for inert gas metal 
arc welding of Nickel and Nickel alloys. 


The new wires will be designated as follows: 
“60” MONEL* 
“61” NICKEL 
“62” INCONEL* 
“64” “K” MONEL* 


All wires in the new “60” series will be produced in stand- 
ard diameters of 1/16 and 3/32 inches. The standard 
length will be 36 inches. 


For further information, send for the latest catalog of 


INCO welding materials. *Reg. U. S. Pat. Off. 


THE INTERNATIONAL NICKEL COMPANY, INC. 
67 Wall Street, New York 5, N. Y. 


EMBLEM OF SERVICE 
i MONEL* «+ MONEL + MONEL + MONEL + “KR’’* 
NICKEL ALLOYS MONEL + INCONEL* «+ NICKEL + NICKEL + NICKEL 
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Product of Thew Shovel 


such equipment, is signalized by an- 
from Thew Shovel Co., 
Lorain, Ohio, of a giant, rubber-tired, two- 
engined moto-crane, said to be the world’s 


World’s largest rubber-tired, two-engined Moto-Crane. 

! Co.. Lorain, O., this monster which dwarfs the modern automobile standing 

ae beside it, will lift loads up to 45 tons | 90,000 pounds ) 

Giant Moto-Crane 

nouncement 

we A spectacular advance in mobile equip- 
NE ment for handling heavy materials, which 
a a makes possible the lifting and transporting largest. 


of loads heretofore beyond the capacity of 


The latest Thew development, des- 


ignated the Lorain MC-820 M, 
has a safe-rated lifting capacit, 
riggers, of 45 tons at a 12 ft. radius 
By its ability to lift and transport mut 
heavier loads than could previously be 
handled by rubber-tired crane, the ‘MC. 
820 Moto-Crane greatly extends the rub. 
ber-tired crane’s basic tages 
heavy-duty crane service as, fo: eXamy | 
in steel mills, steel erection, ship build, 
bridge building, logging, oil fields and ie 
other industries where the handling 


on Out. 


Welding Fumes 


Welding fumes are being effectively 
removed from a block-long Chicago factory 
building without the use of exhaust fans 
or an elaborate air conditioning system, 
by means of four high-velocity, direct- 
fired heating units. The building is the 
Chicago pliant of Dreis and Krump Manu- 
facturing Co., one of the nation’s largest 
makers of forming dies and steel press 
brakes. 

Dries & Krump built this factory 25 
years ago. Itis 480 ft. long by 95 ft. wide 
with brick walls, wood roof and concrete 
floor. An open balcony extends around 
part of the building. 

During the summer months, natural 
draft from open windows and doors carries 
away most of the welding fumes through 
high (39 ft.) bay windows. The existing 
steam-fed suspended space heaters, how- 
ever, were inadequate to compete with 
the draft during the winter. In addition, 
large quantities of warm air were lost 
through the roof. The working zone be- 
came uncomfortably cool and an excessive 
amount of fuel oil had to be used. More- 
over, the factory frequently became so 
“foggy” that visibility was impaired. 

The new method of ventilating, as 
worked out by the firm’s engineers, is 
effective in both summer and winter be- 
cause the same equipment is adaptable for 
use irrespective of season. The objective 
is to bring sufficient quantities of fresh 
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air into the building to keep the working 
area under pressure thereby helping to 


In this busy machine shop, the problem of excessive welding fumes became %° 
acute that, at times, “‘fog’’ threatened to impair visibility. 
welding fumes are removed from the building by a combination heating-vent 
lating system 
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heavy materials is an essential Operatioy 
Many applications are anticipated « pad t 
industry gains experience with the poy ace 
unit. TEMP’ 
The carrier has a weld-fabricated {ryy, The 
with multiple straight-beam construct; temper: 
for side members which are solid steel, \x able. 
in. deep and over 2 in. thick. Each xj) 
member consists of two such beams by. 
tween outriggers, with the inner bea) 
running the full length of the fran 
Side members are joined together by froy: Welk 
bumper and outrigger boxes serving as ing has 
cross members and welded to the sic war an 
members as integral construction. Victor 
The crane boom is all-welded 
with bolted butt splices. Main chord Mee?” 
members are of high-tensile alloy ste "This 
Standard booms are 50 ft. in length, mac x 
up of 25-ft. bottom and top section: ai : 
Center sections of the same type desig ye . 
are available in 5-, 10-, 15-, 20- and 25: 
lengths. These may be used to giv 
maximum boom length of 100 ft. Thy 
crane boom is equipped with an all-purpos: 
boom head which permits handling 6 par The 
of line without need of a top block issued 
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LITERATURE 


Brochure 


Tempil® Corp., 132 W. 22nd St., New 
York 11, N. Y., has just revised its bro- 
hure to provide more comprehensive in- 
formation on the use of TEMPILSTIKS*, 
TEMPILAQ’ and TEMPIL® pellets. 

The new brochure also lists additional 
temperature ratings that are now avail- 
able 


Victor Catalog 


Welding has always been news. Weld- 
ing has done a tremendous job during the 
war and will do it during the peace years. 
Victor Equipment Co., 844-54 Folsom 
St., San Francisco, has just issued a color- 
ful, interesting sales-minded new catalog 
form 20B). é 

This catalog shows in four color illustra- 
tions a comprehensive portion of the large 
ine of Victor gas-welding and flame- 
utting apparatus. 


Hard-Facing Pamphlet 


The Stoody Co., Whittier, Calif., has 
issued a 6-page folder describing two new 
hard-facing electrodes: Stoody 21, a self- 
hardening rod, and Stoody 1027, providing 
nereased wear resistance, faster deposi- 
tion and superior weldability. The prop- 
erties of the deposits of these rods and 
typical applications are listed. Copy 
available upon request. 


Data Book on Aluminum Alloys 


Aluminum is no longer a single metal 
but a large family of metals, each with its 
own peculiar properties. To make an 
intelligent selection, the user must have 
definite information as to alloys, tempers, 
sizes, shapes, physical properties, chemical 
properties, mechanical properties and 
fabricating characteristics. 

To meet this demand for factual infor- 
mation on aluminum alloys and _ mill 
products, Reynolds Metals Co. has pre- 
pared a handy pocket-size 162-page 
book. The new “Aluminum Alloys «& 
Mill Products Data Book” is complete 
with 163 tables of data, outlined above, 
plus 33 pages of explanatory text covering 
a wide range of related subjects such as 
the alloy designation system, the temper 
designation system, heat-treatable and 
nonheat-treatable alloys, casting alloys, 
tasting methods and foundry practice. 

In addition, wrought aluminum mill 
products and methods of producing them 
are deseribed. Fabricating methods dis- 
cussed include blanking, drawing, stretch 
forming, spinning, embossing, coining, 
stamping, bending, machining, forging, 
welding, brazing, soldering and riveting. 
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A section on surface finishes for aluminum 
is also included, covering mechanical 
finishes, chemical finishes, electrolytic 
oxide finishes, electroplated finishes and 
organic finishes. 

This handy wire-bound 6- x 9-in. book 
was prepared by Harlan D. Jones, in co- 
operation with other members of Reynolds 
Technical Service Dept. It is made avail- 
able without charge to those engineers, 
designers and technical men who send in a 
request on their company letterhead to 
Reynolds Metals Co., 2500 S. Third Ft., 
Louisville 1, Ky. To all others, the price 
is $1.00 per copy. 


Safety Catalog 


The Dockson Corp. of 3839 Wabash 
Ave., Detroit 8, Mich., has just issued a 
new Safety Catalog. 

This eatalog is the latest complete 
edition featuring the company’s products, 
including welding goggles, face shields, 
helmets and inspector's folding shields. 


K-G Catalog 


Catalog No. 48 issued by the K-G 
Welding and Cutting Co., Inc., 515 W. 
29th St., New York 1, N. Y., describes 
their welding and cutting equipment. 

Tip sizes, cutting and welding, are now 
designated by drill sizes. Attention is 
directed to inside back cover for use as 
tables and cross reference between old and 
new sizes. 

Special-purpose cutting tips are de- 
signated by initials rather than by style 
numbers. Regulators are designated by 
numbers rather than by letters. Ending 
digits of numbers indicate style of inlet 
connection. 


Turning and Boring Practice 


This book written by Fred H. Colvin, 
Editor Emeritus, American Machinist, and 
Frank A. Stanley, formerly Editor, West- 
ern Machinery and Steel World, is a com- 
plete guide for everyone interested in the 
operation of machines used in turning and 
boring practice. It presents the essential 
principles and major problems involved in 
the different operations; describes the 
more important varieties of machines and 
methods of operating them; includes data 
on speeds and feeds, new cutting alloys 
and materials, use of coolants, etc. 

All of the material presented is from 
authoritative sources, and includes many 
tables and data never before given in any 
single volume. Included are such topics 
as: large boring operations, carbide tools 
on steel forgings, boring and threading in 
a lathe, three ways to turn contours, 
turning and boring plastics, machining 
aluminum. . .a host of ideas and sug- 
gestions to save you time, materials and 


New Literature 


money, hundreds of tested shop practices 
to make the difficult jobs routine. 

Price $4.75. Third edition. MeGraw- 
Hill Book Co., 330 W. 42nd St ., New York, 
N.Y. 


Drilling and Surfacing Practice 


Covers drilling, reaming, tapping, plan- 
ing, shaping, slotting, milling and broach- 
ing. Written by Fred H. Colvin, Editor 
Emeritus, American Machinist, and Frank 
A. Stanley, formerly Editor, Western 
Machinery and Steel World. 

Packed together for you in this handy 
manual are today’s best practices in 
drilling and surfacing operations. The 
book shows you how to drill, ream, tap, 
plane, shape, slot, mill and broach ac- 
cording to the most advanced methods 
All information is given in a simple, 
clear-cut, easy-to-follow manner, and in- 
cludes methods, suggestions and_ illus- 
trations from the leading shops of the 
country. In this revised edition are new 
data on drills of various sizes—new 
tables on step-drilling, dealing with use 
of deep taper pins—new designs and uses 
for reamers and taps. Improvements in 
the field of milling machines are dis- 
cussed, covering the newer types of car- 
bide and high-speed steel cutters. 

Price $5.00. Third edition. MeGraw- 
Hill Book Co., 330 W. 42nd St., New York, 


Brazing Fittings 


Handy & Harman, 82 Fulton St., New 
York 7, N. Y., has prepared an attractive 
{-page folder copiously illustrated by 
sketches giving instructions for brazing 
fittings to pipe and tubing with ‘‘Hasy 
Flo” and “Sil-Fos.” This is availabk 
upon request 


Solder Guide 


Alpha Metals, Inc., has issued a con- 
densed catalog if its products that is so 
jam-packed with general information it 
undoubtedly will win a place on the 
manufacturer’s permanent reference shelf 

One of the outstanding features of this 
four-page publication is a comprehensive 
solder selection guide, whi h lists the six 
teen metals that are most frequently 
soldered. The information 
given about them includes their order of 
solderability together with recommenda 


pertinent 


tions for the best flux core solder or solder 
and flux suitable to soldering operations, 
and also for the flux type most desirable 
when an external flux is used. Other 
tables list the physical characteristics of 
the various Alpha solders 

The catalog, in two colors and Al CUS) 
to-read format, also gives a cleat and cole 
cise explanation of Alpha Tri-core Rosin- 
filled Solder, Tri-Core ‘‘Leak-Pruf”’ Acid 
Filled Solder, Solid Wire Solde r and Pre- 
forms. To obtain copies, write for Cata 
log No. 201, “Craftsmen Prefer Alpha 
Tri-Core Solder,” Alpha Metals, Ine 
363 Hudson Ave., Brooklyn 1, N.Y 
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‘OPERATORS REPORT: 


The proper model of the right type of welder, with just the right 
electrodes and appropriate accessories to make YOUR welding 
job easier—and more profitable! That’s the policy upon which the 
entire line of General Electric arc-welding equipment has been 
established, added to, and constantly improved, until today there 
is G-E arc-welding equipment for every welding application. 

Take a-c welding, for example—the most advantageous method for 
75% of all welding applications. G-E a-c welders are available in 
three basic types and 10 different ratings, from 100 to 1000 amps 
... all featuring easier arc striking, better arc behavior, stepless 
current control, and unusually compact design. A steel-fabricating 
company told us: “G-E a-c welders give us better, faster welding... 
lower power costs, less maintenance.” 

Inert-Arc and atomic-hydrogen welders for welding “difficult” 
metals are included in the a-c lineup. (Bulletins No. GEA-4081; 
GEA-4930) 


A-C WELDERS 


HAVE YOU SEEN “ARC WELDING AT WORK’? This new, sound-color 
motion picture depicts clearly the design and production advantages 
inherent in the three basic types of arc welding. Ask your G-E Arc- 
welding Distributor—or mail the coupon tomorrow. 


Dept. C672-94, Apparatus Department 
General Electric Company, Schenectady 5,N. Y. 


0 Id like to see “Arc Welding at Work” 


(© Send me bulletin numbers 


Name & Company 
Address. 


‘ State 
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| president of the Hallen Co. Inc., s 


Sure, you can’t beat d-c for certain welding applica- 
tions! And for those jobs, you can’t beat G.E.’s WD-40 
line of d-c welding machines with their snappy, 

able arc... single-dial dual control... 50% savings 
d weight . . . dependable, low-cost service 
over a lonf\life span.”’ Available in 200-, 300-, and 
in motor-generator, belt-drive, or 
“Smoothest machine we ever 
letin GEA-4852) 


engine-driven mo 
used!” say operators. ( 

This light-duty, trail ounted WD-3200BG 
welder (250-amp max. weldi&g generator driven by a 
Wisconsin four-cylinder, air-co&led engine) has been 
making a tremendous hit. Mr. &. E. Poole, Vice- 
s: “This engine- 
driven welder is ideally suited for remote and difficult 
locations. It is rugged, yet light and easWy maneuvered. 
And when you get it to those ‘hard-to4get-at’ jobs, it 
provides dependable operation with a pappy welding 
arc.” (Bulletin GEA-4886) 


EMBER LOAS Adve rlising 


ELECTRODES AND ACCESSORIES 


67 types of G-E welding electrodes can help 
supply the answer for welding mild steel, cast- 
iron, stainless steel, phosphor-bronze—general 
purpose welding, and alloy and special-purpose 
welding; Bulletin GES-3571. G-E welding 
accessories, described in Catalog GEC-253, are 
designed for easier welding with maximum 
protection, 


Copyright 1948, General Electric Co. 
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Welding News 


The successful welding of galvanized 
pipe, procedure used for joining 18 gage 
and */j-in. mild steel, overlaying dies for 
lead pipe extrusions, how a South: Ameri- 
can firm used Ampco-Trade for welding 
cast iron, new Ampco-Trode bare wire for 
submerged are welding, Canadian ski-tow 
application and Ampco’s new spot welders’ 
ejector holder are covered in the October 
issue of Ampco Welding News. Copies 
are available upon request. Write Ampco 
Metal, Inc., Dept. WN, Milwaukee 4, 
Wis. 


Notes on Soldering 


A comprehensive book of 88 pages has 
been issued by the Tin Research Institute, 
Fraser Road, Greenford, Middlesex, Eng- 
land (Technical Representation in U.S. A.: 
Battelle Memorial Institute, 505 King 
Ave., Columbus, Ohio). The book was 
prepared by W. R. Lewis and covers the 
subject of soft soldering, nature, tech- 
niques, applications and properties. 


Hard Facing Pamphlet 


Recently published, is a 3-page booklet 
describing the hard facing of plow shares. 
Contains sketches and complete informa- 
tion on the procedures to follow in hard 
facing plow shares. Recommendations 
for different soil conditions are included. 

Hard-facing plow shares by this method 
improves performance because a thin layer 
of hard-facing materials does not impair 
efficiency of the share. Copies available: 
Wall Colmonoy Corp., 19345 John R., 
Detroit, Mich. 


Theory and Practice of 
Are Welding 


This book by Raymond J. Sacks, 
Supervisor, Welding Dept., Hadley Tech- 
nical High School, St. Louis, Mo. and pub- 
lished by D. Van Nostrand Co., Inc., 250 
Fourth Ave., New York 3, N. Y., presents 
an original course of study in are welding 
in accordance with the recommendations 
of the AMERICAN WELDING SOcIETY. 

It is designed for the beginner and is 
based on the Socrery’s “‘Code of Minimum 
Standards for Instruction of Welding 
Operators,” although the book goes some- 
what beyond the minimum standards. 
The first section of the book explains the 
fundamental theory and describes the 
equipment with which a good welding 
operator should be familiar. Questions 
are given at the end of each chapter. 

The second section represents a welding 
operator’s training course and deals with 
manipulative skills, beginning with the 
basic operations of striking and holding 
an arc, followed by a complete series of 
lessons and questions on all types of joints, 
in all positions, using shielded are elec- 
trodes. Each lesson is presented in job 
sheet form, is supplemented by a blue- 
print of the job, and rounded out with 
photographs and sketches of the corrected 
electrode positions and finished welds. 

The “Operator Training Course’’ (the 
second part of the book) has great flexi- 
bility. If it is desired to train a man to do 
some specific operation the instructor can 


readily choose those jobs which will pro- 
vide the necessary experience. If, on the 
other hand, a man must qualify for ship- 
yard work (Navy Test), in all positions, 
within the limitation of hours prescribed 
by the A.W.S. minimum requirements 
code, the jobs marked with an asterisk 
should be taken as the course. If it is not 
necessary to qualify in all positions, the 
course may include only the jobs for a 
particular position of welding. 

When a student must qualify for pres- 
sure vessel and pressure piping work 
(A.S8.M.E.-A.P.1.), in all positions, it is de- 
sirable to follow the complete outline given 
in the book. The complete course has been 
employed by the author for many years 
and has been found adequate to accom- 
plish any training job on mild steel plate 
for wartime or peacetime needs. 


Price 
$4.00. 


The Fracture of Mild Steel Plate 
The Fracture of Mild Steel Flate by 
C. F. E. Tipper, consisting of 42 pages of 
text and 92 illustrations, has been pub- 
lished by the Admiralty Ship Welding 
Committee of Great Britain. Copies are 
available from His Majesty’s Stationery 
Office, London, England. The price is 6s. 
6d. net. 

The book is divided into six parts and 
includes a list of references, tables and 
illustrations. There is also an introduc- 
tion. We quote below several paragraphs 
from this introduction. 

“Tron and steel with a carbon content of 
less than 0.25 per cent in the hot-rolled or 
normalized condition, behaves as a tough, 
ductile material in a tensile test and is 
capable of considerable plastic deforma- 


tion in the cold without fracture. The 
amount of energy absorbed per unit 
volume increases with the deformation 


owing to the property of work-hardening. 
Up to the maximum load of a tensile test, 
the deformation is uniform, with the ex- 
ception of a small amount associated with 
the yield point; toward the end of the 
test the deformation becomes localized 
and separation finally takes place in this 
region. Fracture is normally fibrous and 
silky on planes at approximately 45° to 
the direction of loading in plate and bars 
of rectangular section, and in round bars 
it takes the form of a cup and cone, except 
in the softest iron and steels. 

‘‘There have, however, been instances of 
failure in service of iron and mild steel 


where fracture has apparently occurred 
without the previous plastic deformation 
and consequent energy absorption ex- 
pected. 
generally shown that the material was 
ductile in a 
evidence of ‘brittleness,’ that is to say, low 
absorption of energy in notch impact 
tests, and the fracture was; crystalline. 


Investigation of such failures has 


tensile test, but exhibited 


“Interest has recently been refoc.3sed 


on the causes of brittleness of mild steel in 
connection with fractures of large welded 
structures and, in particular, of the plates 
of welded ships. 


“The following examination of the steel 


used in shipbuilding was carried out in the 
Engineering Department, Cambridge Uni- 
versity, as part of a more comprehensive 
investigation. 


The experimental results 


New Literature 


were submitted in the form of seyery) , 
ports to the Admiralty Ship-Welding ¢ 
committee between1943-6. Some of 4, 


were presented and discussed at the (, 


bridge Conference organized by {hp \4 
miralty Ship Welding Committes 
B.1.S.R.A. (4) on the Brittlene,s 


M 
Steel in October, 19-45. The reports heal 


now been summarized and thx 


J. 


Conte 


may be divided conveniently into , Am 
following sections: 

“1. Description of fractures in go John 
ship plate. 7 lent, A 

“2. Experiments designed to jy eived t 
duce similar fractures jpn the An 
laboratory. WELDIN 

“3. The development of a notch yetober 
and study of the conditions ynnuall 

test as applied to ship plate the adv 

“4, Metallurgical investigation of meta 
plates. In 0 

“5. Fundamental experiments op ; med 
effect of notches on the duc new de 

and fracture of mild stee] Relati 

“6. Discussion of results in relation: Depar' 
the causes of brittleness in mj oordit 

steel. vatter 

“7. Tables. Data relating to nd sa 
source, composition, mechanies As lia 

and physical properties, of ¢! techni 

plates mentioned in the previoy regula 

section are collected for eas pers, I 
reference. aspect 

“The steel plate, which has provided the ‘he 


material for investigations described 
these reports, has been taken from weld 
ships which developed cracks in norma 
service and due to under-water explosion 
from ships sent in for repair and fron 
plates received direct from the rolling 
mill. Only in certain examples froin t! 
last group is it possible to give particular 
of manufacture. Previous history is w 
certain in all plates taken from ships a1 
there is the added difficulty of assessing tl 
degree of work to which the plates ma 
have been subjected by straightening o 
bending in the course of assembling an 
welding, while at sea and when being re- 
moved from the ships’ structure.” 


Service Bulletin 


Services Available 
A-563. Welding Supervisor desires po- 
ition. Age 36. Extensive merchandising 
and business administration experienc’ 


Past nine years’ experience in supervisi0 a 
of production operations, including 


forms of welding, forming metals, grinding 
layout, design of jigs and fixtures, auto 
matic and manual! welding and brazing. 
A-564. Arrived from England. Degre 
French Aeronautical University (equiv% 
lent M.S.); metallurgical background 
Associate Fellow, Royal Aeronautica 
Member, Institute of Welding; 
formerly, Member, Polish Corrosion Stand- 
ard Committees; advisor, Aeronautica 
Research Institute, ete. Experience sinc 
1930: welding education, corrosion, ¢* 
perimental design, development research 
France, Poland, England. Wants welding 
development research position. 


Society; 
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J. J. Crowe Honored by 
({merican Welding Society 


John. J. Crowe, Assistant Vice-Presi- 
lent, Air Reduction Sales Co., Inc., re- 
eived the Samuel Wylie Miller Medal at 
the Annual Meeting of the AMERICAN 
Society in Philadelphia on 
wtober 25th. The medal is awarded 
ynnually for conspicuous contributions to 
the advancement of the welding or cutting 
f metals 

In order to formalize the work per- 
med by J.J. Crowe, Airco created a 
new department, known as the Technical 
Relations Department. As head of this 
Department, Mr. Crowe is in charge of 
oordination of the company’s patent 
matters; including negotiation of purchase 
ind sale of patents, licenses, etc. He acts 
is liaison between the company and 
technical associations and committees, and 
regulatory bodies, reviews technical pa- 
pers, maintains an active interest in safety 
aspects, including the proper labeling of 
the company’s products. 


John J. Crowe 


Mr. Crowe started his engineering career 
as an apprentice in the National Bureau of 
Standards after being graduated from high 
school. He completed his formal educa- 
tion by taking supplementary courses at 
George Washington University, and at the 
Bureau of Standards he first worked in the 
Heat Division under Dr. C. W. Waidner, 
and, soon afterwards was promoted to 
assist the late Dr. G. K. Burgess in the 
establishment of the Metallurgical Divi- 


sion 


In 1915, after ten vears with the Na- 


tional Bureau of Standards, he was trans- 
lerred to the United States Navy as a 
physical metallurgist to assist in the devel- 
opment of power-welded anchor chains at 
the Boston Navy Yard. Later, he was 
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assigned the duty of installing metallurgi- 
eal laboratories at all of the important 
Navy Yards. 

With the assistance of his colleagues, 
Mr. Crowe has published a number of 
papers describing his investigations. Per- 
haps the most outstanding of these investi- 
gations led to the development of a patent 
on the high velocity cutting tip. This 
method of cutting has saved several thou- 
sands of dollars. Another outstanding 
contribution is ‘‘Economics Through the 
Use of High Purity Oxygen in Cutting,” 
which is generally accredited with being 
responsible for the uniformity of the high 
oxygen purity being produced generally 
throughout the country today. His paper 
on the “Effect of Tip Sizes and Pressures 
Upon the Economy of Cutting”’ has helped 
standardize the proper ratios for gas con- 
sumption in relation to the work and 
secured for the industry the maximum 
economies in the application of the oxy- 
acetylene process. 

Mr. Crowe is past-president of the 
AMERICAN WELDING Society and of the 
Compressed Gas Manufacturers’ Associa- 
tion and is past chairman of both the 
Philadelphia and New York Sections of the 
American Society for Metals. He is a 
member of the American Society of 
Mechanical Engineers, the American 
Institute of Mining and Metallurgical 
Engineers and an Honorary member of the 
AMERICAN WELDING Society. Mr. Crowe 
is also a licensed professional engineer of 
New York State. 


Joel D. Justin to Head 
Engineering Foundation 


The Engineering Foundation elected 
Joel D. Justin, Consulting Engineer of 
Philadelphia, as its chairman at the an- 
nual meeting of its Board in the Engineer- 
ing Societies Building, 29 W. 39th St., it 
was announced recently by John H. R. 
Arms, Secretary. Dr. Boris A. Bakh- 
meteff (A.S.C.E.), Consulting Engineer 
and Professor of Civil Engineering, 
Columbia University, was chosen Vice- 
Chairman. Re-elected officers included 
Dr. Edwin H. Colpitts, formerly vice- 
president of the Bell Telephone Labora- 
tories, as Director, and John H. R. Arms 
as Secretary. 

Mr. Justin was also appointed chairman 
of the Executive Committee. Others to 
continue their terms on the Executive 
Committee are: Mr. Arms as secretary; 
also Dr. O. E. Buckley (A.1.E.E.), presi- 
dent of the Bell Telephone Laboratories; 
Dr. A. B. Kinzel, vice-president of the 
Union Carbide and Carbon Research 
Laboratories, Inc.; and R. H. Chambers 
(A.S.C.E.), former vice-president and 
Consulting Engineer of the Foundation 
Co. Herman Weisberg (A.S.M.E.), 
Mechanical Engineer in the Electrical 
Engineering Dept. of the Public Service 


Personnel 


Co. of New Jersey, was also appointed to 
the Committee. 

The Research Procedure Committee 
will be headed by Dr. Bakhmeteff. Other 
members are: E. R. Kaiser (A.1.M.1:.), 
Assistant Director of Research ,Bitum- 
inous Coal Research Inc., Oliver Bldg., 
Pittsburgh 22, Pa.; William A. Newman 
A.S.M.E.), Chief of Research, Canadian 
Pacific Railway, Montreal; and Dr. C. D. 
Suits (A.I.E.E.), Assistant to the Director 
of the Research Laboratory, General 
Electric Co., Schenectady. 


Lighteen Research Projects Aided 


Reports were made at the meeting on 
eighteen research projects aided by the 
Engineering Foundation during the past 
year. The projects were concerned with 
studies in such varied fields as hydraulics, 
alloys of iron, properties of gases and gas 
mixtures, riveted and bolted structural 
joints, welding, and properties of metals at 
different temperaturcs. 

Grants were recommended for the year 
1948-49 for the continuation of nine of the 
past year’s 18 projects, and for the support 
of five new projects, among which are 
Council on Research in Reinforced Con- 
crete, Mechanical Properties of Dinary 
Alloyed Ferrites at Low Temperatures 
and Unsteady Heat Flow Film Conduc- 
tance. 

The Engineering Foundation has now 
been engaged in important research ac- 
tivities for more than 31 years. It aided 
in establishing the National Research 
Council and its division of Engineering 
and Industrial Research. It has con- 
tributed to the support of the Engineers’ 
Council for Professional Development, 
which, representing some eight engineering 
organizations, aims at the advancement of 
the profession of engineering. The 
Foundation has supported engineering 
research and investigations in many varied 
fields. 

“In the selection of research projects to 
be supported, preference has been given 
to those of a more fundamental nature 
which would not be undertaken by an in- 
dustrial research organization,”’ Dr. Kinzel 
stated. ‘‘Where projects are of interest 
to a group of industries the Foundation 
has provided a limited financial support 
and a sponsorship intended to enable the 
principal support of the project to be 
secured from interested industries and 
other sources. It offers a well recognized 
and responsible channel for the fruitful 
expenditure of gifts and bequests, the in- 
come from which can be used to aid care- 
fully chosen research projects.” 


Cc. I. MacGuffie and R. C. 
Freeman Assume New Posts in 
G-E Welding Divisions 


C. 1. MacGuffie and R. C. Freeman have 
been appointed Manager of Salesand Man- 
ager of Engineering, respectively, of the 
General Electric Welding Divisions, accord- 
ing to A. F. Vinson, Division Manager. 

Mr. MacGuffie was formerly Manager 
of Sales for the G-E Welding Equipment 
Division, and Mr. Freeman was formerly 
Division Engineer for D.-C. Welders at 
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I. MacGuffie 


the G-E Fitchburg, Mass., plant. 
assumed their 
October 1. 

A native of West Pittston, Pa., Mr. 
MacGuffie was graduated from Pennsyl- 
vania State College in 1925, and im- 
mediately became associated with Gen- 
eral Electric in its test course at Schenec- 
tady. He went tothe company’s Philadel- 
phia office in 1928 to handle welding sales, 
and in 1929 was made Welding Specialist 
of the Atlantic District. He returned to 
Schenectady in 1939 to become Assistant 
Sales Manager of the Electric Welding 
Section, and was appointed Sales Man- 
ager of that Section in 1941. Mr. Mac- 
Guffie is a Director of the AMERICAN WELD- 
ING Socrety and a member of 


They 


new responsibilities on 


R. G. Freeman 


Mr. Freeman graduated from the Uni- 
versity of Minnesota in 1929 and joined 
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G. E. on test at Schenectady that same 
year. Shortly thereafter he was trans- 
ferred to the Lynn, Mass., plant and was 
placed in the Motor Engineering Division. 
In 1936 he went to the Welding Section 
and two years ago assumed the post of 
Division Engineer of D.-C. Welders at 
Fitchburg, Mass. Mr. Freeman is a mem- 
ber of the AMERICAN WELDING Society. 
A.L.E.F., the National Committee on 
Electric Welding and is Chairman of the 
Standards Association’s subcommittee on 


Electric Are Welding. 


Blanchard Honored 


A feature article of the October 19th 
issue of the Shawingan Falls Review is 
devoted to the Shawinigan techical Insti- 
tute and the work of Jules Blanchard. 
We quote a few paragraphs of this article. 

“Through the combined efforts of the 
principal of the Shawinigan Technical 
Institute, of the Board of Governors and 
of the instructors, there has been built up 
a system of education that teaches the 
present-day youth to understand the true 
value of learning a trade and to this task 
they have applied themselves very laud- 
ably throughout the years. 

“One of these instructors has the rare 
distinction of having taught twenty-five 
consecutive night-school terms. He is 
Jules Blanchard, in charge of the Welding 
course since 1924. Last week he was con- 
gratulated by the principal and the other 
members of the staff, and in an interview 
with the reporter of Le Nowvelliste, he 
briefly outlined his curriculum vitae. 
Born in St. Hyacinthe 52 years ago, he 
studied at the Montreal Technical School 
and Académie de la Salle and obtained his 
diploma with bronze medal for efficiency 
in welding. After the completion of his 
studies he entered the service of the Cole 
Welding Co., Montreal and in 1916 this 
firm detailed him to the Canadian Electro 
Products Co. in Shawinigan Falls, on 
special war work. The following year 
Mr. Blanchard enlisted in the C.E.F 


. and 
went 


Upon his return he 
established himself definitely in Shawini- 
gan Falls and became superintendent of 
the welding department of Shawinigan 
Chemicals Ltd. In 1924 he was appointed 
to take charge of the welding classes at 
the Technical Institute. 

“Mr. Blanchard has had the great satis- 
faction of seeing 375 of his pupils graduate 
and some 1200 attended his classes from 
one year to another. He also taught 
special courses under the Youth Training 
Plan and the Rehabilitation 
scheme, also to local engineers. Principal 
Crutchfield took pride in mentioning that 
he considers Jules Blanchard as one of the 
leading authorities on welding in Canada, 
as well as a most competent instructor. 
His name is inscribed on the honor roll of 
the G. D. Peters of Canada as one who has 
made valuable contribution to the ad- 
vancement of welding in Canada. Mr. 
Blanchard is an associate member of the 
AMBRICAN WELDING Society. He has 
made welding his lifework and has accumu- 
lated a wealth of data and documentation 
that enables him to impart information to 
welders and apprentices who look to him 
for advice.”’ 


Overseas. 


Veterans 


Personnel 


OBITUARY 
Willis C. Swift 


Willis C. Swift, Consulting Weld 
Engineer, of 1253 Patterson Rad Dayton 
Ohio, died at the Miami Valley Hospit 
Sept. 18, 1948. Mr. Swift was | : 
years ago in Charles City, lowa 
attended The Iowa State College , 


Agri. To 


culture and Engineering at Ames, [oy per 
rt 


and received his B.S. Degree in Ee, 


and Mechanical Engineering in 


then attended the Northwestern i 
sity Law School and obtained a degre, pre 
Patent Law in 1893. Mr. Swift develo, = « Fl 
and patented quite a number of machinn “The 
and processes during his 55 active year vor Un 
American Industry. 


Among his | 
inventions was the Sight Fy 
(Generator developed for the 


0 fl: 
known 


port 


generation of acetylene and welding py Ss 
poses. 

Mr. Swift began his long associat \ll- 
with the Welding Industry when he start White 
doing Sales Engineering work for Oxw: media 
in 1916. During the first World War | distrit 
was assigned to the Oxweld and Linde | 1-¢. | 
Products Offices in Washington, D. ( velop 
After leaving Linde Air Products he }y types 
came interested in the problem of tly Th 
portable generation of acetylene and fro: result 
about 1923-25 he developed and organiz eithe 
The Sight Feed Generator Co. of Wes It 
Alexandria, Ohio. After disposing of th 4.-C. 
major part of his interest in that compan lepo 
he joined The American Brass Co quire 
Waterbury, Conn., as a Development au Clos 
Welding Engineer working with them oi core 
the promotion of brazing and welding pro: give 
esses involving the use of their wick to tl 
variety of bronze, copper-silicon and othe Proj 
copper alloy rods. to ¢ 

Although Mr. Swift retired from Tl in2 
American Brass Co. at the age of 70, lv k 
continued an active interest in welding -f 
problems and spent two years doing Cot ave 
sulting Engineering work for the Republi Py 
Steel Corp. on their copper-clad steel prio 
to the Second World War. During this 
latter war, he was called back by Th 
American Brass Co. at Waterbury, Conn | 
to act in a consulting capacity. M 

Mr. Swift was a member of the Ameri- ; 
CAN WELDING Society for 23 years serving 
as a Director of the Socrery for severa ‘ 
years. He was a member of the I[nter- tt 
national Acetylene Association for abou! te 
32 vears. 

Surviving are his wife, May R. Swi - 
five sons, Alden W. of Glenbrook, Con 
Clinton E. of Alhambra, Calif.; Rodney . 
B. of Dayton, Ohio; Francis R. of Middle- 1 
town, Ohio, and Alfred R. of Donna ; 
Texas; and also his sister, Mrs. Cora Swil! ; 


Elston of Duluth, Minn. 


Practical Welder and De- 
signer—W orthwhile articles 
for this section badly 
needed. Contributions 
should be sent to the Editor 
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Gas Flow Meter Unit 


To assure maximum efficiency with 
oper flame balance, higher spraying 
speeds and gas savings in the operation of 
netallizing guns, the Metallizing Engineer- 
ng Co., Ine., Long Island City, New York, 
ntroduces the new METCO Type GF 
(7as Flow Meter Unit. 

The METCO Type GF-Gas Flow Me- 
er Unit removes the “human element” 
rom flame balancing. 


Stainless Steel Electrode 


\ll-State Welding Alloys Co., Ine., 
White Plains, N. Y., announces the im- 
mediate availability through All-State 
distributors nationally, of a new a.-c. or 
d.-c, stainless steel welding electrode de- 
veloped especially to weld stainless steel 
types 301, 302, 304 and 308. 

This new electrode also shows splendid 
results for welding high-carbon steel to 
either low-carbon or alloy steels. 

It is for all position welding with either 
i-c. or d.-c. current. The weld metal 
leposits in a smooth flat bead that re- 
quires very little grinding before polishing. 
Close quality and process control of the 
core wire and flux by the manufacturer 
give a weld deposit with properties equal 
to the high qualities of the parent metal. 
Proper application gives welds of 80,000 
to 95,000 psi., and 35 to 50°, elongation 
in 2in. 

Known as All-State No. 18/8 a.-c. or 
l.-c, Stainless Steel (Are), this electrode is 
available in a range of sizes, including: 

64 */ 16, 9/32, 2/8, and */,¢in. 


Composite Aluminum Stud 


The Nelson Stud Welding Division of 
Morton-Gregory Corp., Lorain, Ohio, has 
gone into volume production on a new 
type of composite aluminum and mild 
steel Rivweld rivet stud, which overcomes 
the corrosion problem usually eneoun- 
tered when aluminum roofing and siding 
have been secured with steel-plated fas- 
teners, 

Similar in its over-all appearance to the 
regular steel Rivweld rivet studs by which 
many contractors have reduced the cost 
of installing metal roofing by more than 
$2.00 per square, the new stud is the result 
of collaboration between engineers in the 
aluminum industry and the Nelson re- 
search staff, 

It consists of a mild steel female stud in 
which a cross-shaped insert of aluminum 
have been so fitted that there is no room for 
collection of moisture, thus relieving the 
tleetrolytie problem. With mild steel in 
the flux-filled end of the stud, which is 
secured to steel purlines, struts or girts, 
and aluminum in the upper portions of the 
stud which came in contact with the 
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aluminum sheet, there is no opportunity 
for electrolytic action at any point. 

This development brings the economies 
of the Nelson Rivweld method within 
reach of firms using light-weight corru- 
gated aluminum sheets for siding and 
roofing. The Rivweld rivet studs are end 
welded to structural supports with the 
light-weight automatic Nelson stud weld- 
ing gun, after which the corrugated metal 
sheets are merely laid in position and im- 
paled over the rivet end of the studs with a 
rubber hammer. Final operation consists 
of upsetting the aluminum rivet. 

Nelson has also developed a new 
aluminum-surfaced neoprene washer for 
use in conjunction with the composite 
stud. 


G-R Announces New 


1949 Welder Line 


A completely new line of a.-c. welders, 
with ratings from 100 to 2000 amp., is 
now in production by Glenn-Roberts Co., 
Inc. 

In the “utility” series, four new models 
covering farm, shop and general-purpose 
welding requirements are offered. These 
models are N.E.M.A.-rated at 100, 150 
and 200 amp., respectively, at 30 v., 50°; 
duty cycle. Model 180, of the limited- 
input type, has a 180-amp. rating, 25 v., 
20% duty cycle. Power factor correction 
is standard equipment on the Model 180, 
and is optional on all other utility models. 

Production welding requirements are 
covered in the new G-R Industrial Welder 
line. This includes four models for 
models for manual welding N.E.M.A.- 
rated at 200, 300, 400 and 500 amp. at 
40 v., 60°, duty eyele; 750 and 1000 amp. 
single-transformer models for automatic- 
head welding, and 1000, 1500 and 2000 
amp. multiple-transformer models for 
combination  manual-automatic use. 
Power factor correction is standard on all 
Industrial Models. 

Extensive research and development 
work during the past year has resulted in 
many design improvements, according to 
G-R engineers, All models are equipped 
for dual-range output which greatly im- 


Products 


proves performance, particularly at low 
heats. 

Performance data, specifications and 
complete description of the new welders 
are included in Bulletins 48-U, covering 
Farm and Utility models, and 48-1 which 
covers the Industrial line. Copies may be 
obtained by writing to the manufacturer, 
Glenn-Roberts Co., Inc., 2107 Adams St., 
Indianapolis 18, Ind. 


Thomson “Balanced Load 
Welding System 
Standard Thomson spot, projection, 
seam and flash welders as well as special- 
purpose resistance welders are now avail- 
able with the Thomson ‘‘Balanced Load”’ 
Three-Phase which 
supplies low-frequency, single-phase eur- 
rent for resistance welding while placing 


Converter System 


an evenly balanced moderate demand on a 
or 


standard 3-phase, 60-cycle, 220-, 
550-v. primary power source 


This development is of special interest 
to manufacturers faced with restrictions 
on production welding involving high 
kva. demand or where such operations 
are troublesome because of the disturbing 
effect on other equipment in their own or 
neighboring plants. It also offers im- 
portant advantages when welding work 
requiring deep throat machines or the 
introduction of large masses of material 
within the secondary circuit. In such 
CASES, when 3-phase current is converted 
to low-frequency, single-phase, the kva. 
demand for a given number of amperes at 
the electrodes is not only considerably re- 
duced but is only slightly affected by 
alteration of the throat depth, spacing 
between arms or variation in mass of 
material being welded. 

Except for a special transformer, re- 
sistance welders using the Thomson 
“Balanced Load” Three-Phase Converter 
System are conventional in design and 
existing machines may readily be adapted 
to use this method of power application. 
All additional required — is 
housed in a single, compact cabinet which 
also includes synchronous timing, heat 


equipment 


and sequencing controls as well as the 


power converting unit. 


The application of low-frequency 
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Welders Everywhere 


are Praising the New 


INDUSTRIAL MODELS 


SHOP MODELS 


Welding Range Primary Electrode Cabinet 
Model Amps. Volts Sizes Dimensions 
200 R 25-285 220/440 32x21x37/" 
200 RP 25-285 220/440 32x21x37'”" 20 
300 RP 25-450 220/440 32x21x37'4” 300 
400 RP 25-520 220/440 32x21x372" 40 
500 RP 25-700 220/440 500 
750 RP 90-940 440 38x21x40'4” 750 
1000 RP 200-1250 440 44x21x40/2" 100 
All Standard Models (Except 200 R, 750 RP and 1000 RP) have Built-in Automatic Voltage Reducer. 
All RP Models have Built-in Power Factor Correction. 
Welding Range Primary Electrode Cabinet Rati 
Model Amps. Volts Sizes Dimensions (Amp) 
10 GP 20-180 220 16x151%4x33%" 100 
20G 20-190 220 184x18x35'%" 150 
20 GP 20-190 220 150 
30G 25-260 220 300 
30 GP 25-260 220 18'4x18x35%" 200 


All GP Models have Built-in Power Factor Correction. 
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The Welder with 
the important and 
exclusive feature— 


It isn’t taking welders long to discover that NCG 
really has something new and different in the new 
Sureweld A-C Arc Welder. The minute they go to 
work with a Sureweld A-C Arc Welder behind them, 
the work goes easier, faster, better. 

The *Powermaster” feature is the principal reason, 
of course. Product of NCG engineering talent with 
30 years experience to back it, the new Sureweld A-C 
Welder is a revolutionary new tool. Management, 
too, is discovering that welding time drops, produc- 
tion steps up, power consumption and maintenance 
costs decline sharply. 

There are /9 reasons why you, too, will prefer the 
new Sureweld A-C Arc Welder, and the coupon below 
is for your convenience in obtaining a free copy of 
“NEW ERA IN WELDING” —an illustrated booklet setting 
forth these reasons, with complete technical data. 
There are seven Industrial Models and five Shop 
Models, providing a machine to meet every welding 
want, from heavy-duty, high-speed fabrication to gen- 


ransformer with a movable shunt . . that assures fine — 
welding thoracteristica at all Gmperages - that per- 
nits practical low-current welding . that gives the 
exact welding heat required . eet. gives the “pul” 
hat means foster bum-off, proper penetration and — 


Write for this FREE booklet today! Clip the coupon! 


National Cylinder Gas Company 

840 N. Michigan Avenue 

Chicago 11, Illinois 

Please send me free booklet, “NEW ERA IN WELDING", describ- 
ing NCG's new, better, different Sureweld A-C Arc Welders — 
with the Powermaster. 


Retin EVERYTHING FOR WELDING 


(Amp) : 


i ‘TIONAL CYLINDER GAS COMPANY 


Executive Offices: ....S$tete 


North Michigan Avenue Chicago 11, 


eral repair and light production use. Better mail the 
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secondary power to the weld in the 

form of a pulsating current of increasing 
amplitude is effective in building up large 
values of heat and greatly extends the 
range of work which can’ be welded with 
any given machine. 

The accompanying illustration shows a 

typical Thomson 3-phase projection welder 
together with the single cabinet which con- 
tains the power converting unit synchro- 
nous timing and sequencing controls. Note 
that the cabinet compares favorably in 
size with the bulk of auxiliary equipment 
required with conventional welders. The 
machine is a 150-kva., air-operated pro- 
jection welder using 440-v., 60-cycle, 3- 
phase primary power. Complete infor- 
-mation on the Thomson “Balanced Load”’ 
Converter System may be obtained from 
Thomson Electric Welder Co., 163 Pleas- 
ant St., Lynn, Mass. 


Portable Electric Pyrometer 


Electric-Are, Ine., of Newark, N. J. 
announces the availability of its new con- 
trol cabinet—a highly portable electric 
pyrometer recorder and/or controller, so 
arranged that six points of heat to 2200° F. 
can easily be recorded or controlled. It is 
of particular importance because it is 
fast-acting and precise and is arranged 
for simple electrical off-on control. 

It may be used for semiautomatic pro- 
gram control, for heat cycles or completely 
automatic heat cycle program control. 


Because it is a portable unit, it is helpful, 
for example, in steel mills and chemical 
plants, for the control of temperature of 
heating processes and set up and for ex- 
perimental operations in the field, shop 


and laboratory. 


The dimensions of this new instrument 


are 30 in. high, 24 in. wide, 22 in. deep. 


It weighs only 100 lb. In the welding 
field, it can be utilized with such equip- 
ment as Smith-Dolan Induction Heaters 
for preheating before and stress relieving 
after welding. It may also be utilized 
with other systems employing resistance 
heating. 

A detailed, illustrated bulletin on this 
new unit is available from Electric-Are, 


Ine., 152-162 Jelliff Ave., Newark 8, N. J. 
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Welding Hose 


Simple and quick methods of installing 


Hewitt Rubber’s patented ‘“Twin-Weld” 
welding hose are told in new descriptive 
material released recently by Hewitt Rub- 
ber Division, Hewitt-Robins, Ine., of 
Buffalo, 


A pamphlet explains the ease of hand- 
ling, the greater safety and the faster 
operation achieved with Twin-Weld hose 
This hose is a 


“double-barreled” unit, 
made up of two lines of highest quality, 
cord-reinforced welded hose molded side 
by side in one complete unit. It elimi- 
nates entirely the need for makeshift taping 
of individual lines and sprawling of sepa- 
rate units. 

The operator no longer needs to tug 
and haul to reach his job. He can change 
position with complete freedom—and it’s a 
simple matter to coil up the hose for mov- 
ing equipment from one location to an- 
other. 


Ohio Weld Bosses 


Sheet metal and thin plates are exten- 
sivély used for making the supports for 
operating mechanisms of many types of 
domestic, industrial and office appliances. 
Sheet metal is used also for constructing 
the housings or cabinets. Heretofore the 
user has had to design and make the small 
metal parts used to increase the thickness 
of the metal to provide bearings for shafts 
or push-rods or to provide spacers or 
separators or to increase the thickness of 
the metal so that a hole could be punched 
or drilled and subsequently tapped with a 
thread so as to receive bolts or screws. 

The Ohio Nut & Bolt Co., Berea, Ohio, 
are now putting on the market Ohio Weld 
Bosses made for projection welding to 
sheet metal and to thin metal plates. 


New Producis 


They are available in a vari: 


and dimensions to suit the). of 
designers. Thicknesses ran, rom 
to */,in. and the shapes are 
and flanged. The round and 
bosses are available in low- an 
brass or 18-8 stainless steel, & squar 
bosses are available in either 
steel or brass. Production sizes ape stan 
ardized not only as to thickne- but 
outside dimensions and hole 
Complete details are shown in 
No. 484 


Turning Rolls 


A new, improved line of turning roljs 
designed to increase welding productiy 
has been announced by Ransome Ma. 
chinery Co., Dunellen, N. J., a subsidig: 
of Worthington Pump and Machinery 
Corp. Capable of carrying heavier Joads 
with less handling and giving long; 
trouble-free operation, the new line helps 
produce neater, better, quicker welds }y 
allowing all welds to be mack 
downhand position. 

Several added features enable the [948 
Ransome turning rolls to facilitate th 
welding of tanks, drums, pipes, and pres. 
sure and cylindrical vessels of all types 
Of special note are the anti-friction, s 
aligning bearings in both the power and 
idler rolls of the larger sizes; a lowere 
drive mechanism; which permits unob- 
structed loading from either end, and a: 
exclusive, combination steel ‘and brony 
worm wheel. 


in tl 


The bronze worm wheel, a critical part 
of the drive mechanism, has been rein- 
forced against stresses resulting fron 
heavy loads by the addition of a stee! hut 
and center to which the bronze rim ts 
firmly bolted. 

Operation of the rollers is simplicity 
itself. The vessel has merely to be placed 
on the rollers and rotated around to the 
welder or automatic welding head at the 
desired welding speed. 

Self-propelled turning rolls on four-w hee! 
carriages are also available. The self- 
propelled turning rolls make possible the 
automatic welding of all cireular, as we'll as 
longitudinal seams, both inside and oul- 
side, with the automatic welding head re- 
maining in one fixed position. This elim! 
nates all vibration at the welding head 
itself and insures a good continuous weld 


Complete details with specifications 


are available by writing to Ransome Me- 
chinery Co., Dunellen, N. J., for Bulletin 
228-PR. 
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WHEN YOU MAKE REPAIRS WITH 


e! VERE No. 456 Low FuMING 
BRONZE WELDING ROD 


You make important savings at every step of the way when you 
use Revere No. 456 Bronze Welding Rods for maintenance and 
repair. Here’s how: 


FASTER PREPARATION — You save time in preparing the parts 
to be joined, because the high strength of Revere No. 456 per- 
mits wide assembly tolerances and still provides strong, neatly- 
finished joints. 


NO HIGH PRE-HEATS — You save on the time and fuel costs 
involved in pre-heating because the low melting point of Revere 
No. 456 (about 1600° F.) reduces the need for high pre-heats 
and post-heats. 


LESS “CLEAN-UP” — You save on “clean-up™ costs because 
Revere No. 456 is low fuming and thus enables you to get more 
accurate placement of the weld metzal. 


You can use Revere No. 456 for the bronze welding of cast and 
malleable irons, wrought iron, cast and wrought steel, cast and 
wrought bronze. Try Revere No. 456 and see for yourself how 


DicemMBer 1948 Advertising 


you can cut costs, save time, and get better results with this 
“flame-tested” rod in the striking red, white and blue package. 


Other Revere Welding Rods are: Revere Bronze 380, Man- 
ganese Bronze, Herculoy, Phosphor Bronzes, Brass (Brazing 
Rod), Silicon Deoxidized Copper and Electrolytic Copper. All 
come in 100-pound cases or in 25-pound cartons, net weight, and 
are stocked by Revere Welding Rod Distributors in all parts of 
the country. Write for folder giving technical data. 


REVERE 


COPPER AND BRASS INCORPORATED 
Founded by Paul Revere in 1801 
230 Park Avenue, New York 17, New York 


Mills: Baltimore, Md.; Chicago, l/l; Detroit, Mich.; New Bedford, Mass.; 
Rome, N. Y.—Sales Offices in Principal Cities. Distributors Everywhere. 
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Automatie Electric 
Are-Welding Machine 


The accompanying photo shows the 
installation of the automatic electric arc- 
welding machine, Unionmelt System, at 
the Sheet Metal Dept. of the Eisler Engi- 
neering Co., Inc., Newark, N. J. Eisler 
adopted the new automatic are-welding 
process for the manufacture of transformer 
tanks in its Transformer Division, because 
of its superiority in weld quality and econ- 
omy of work. 

This arc-welding machine consist funda- 
mentally of the welding head mounted on 
a self-propelled traveling carriage with 
stepless speed control from 7 to 210 in. 
per minute, and is built into a fixture with 
a jig, fabricated for the specific welding 
purpose. The carriage is movable on a 
track bolted to the jig. 

Important parts of the jig-structure 
are: The cantilever beam, turnable 
around a fulcrum on its outer end and 
carrying a copper backing bar, further 
numerous movable fingers built into both 
length sides of the jig. These fingers 
are controlled by compressed air through 
a self-aligning pressure device (fire hose). 
Each finger is hinged on its outside and 
provided with a return spring. 

To start the welding operation the work 
is slipped over the lowered cantilever 
beam. The beam is then raised and held 
in a horizontal position actuated by air 
pressure. Immediately thereafter the in- 
terposed fire hose is inflated by compressed 
air and all fingers are simultaneously 
moved downward thereby aligning the 
edges, clamping firmly the longitudinal 
section of the tank to be welded and keep- 
ing firm contact with the copper backing 
bar. 


Welding Car 


The photograph shows a four-wheeled 
carrier of gas welding equipment, called 
Gleason No. 1 ““Welder’s Helper’’ welding 
car. 

It combines special safety and conveni- 
ence features as follows: (1) With four 
wheels carrying the load, there is no risk 
of tipping. (2) There is little interference 
with visibility of obstructions and changes 
in floor levels because the operator can 
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look around and remains in complete con- 
trol of the traveling unit. (3) The mount- 
ing of cylinders directly behind each other 
instead of side by side allows for a nar- 
rower unit, only 21 in. wide, one that can 
easily swing around obstructions, and go 
right to jobs in tight corners. (4) Large 
cylindrical welding rod containers can 


hold adequate supplies of six different 
rods, and the parts and accessory box 
carries additional equipment so that, in 
effect, the operator has a completely port- 
able welding shop at his disposal. (5) 
The positive chain locking cylinder grip 
is adjustable for various sizes of cylinders. 
(6) A fire extinguisher can easily be 
mounted below the parts box. (7) Over- 
size puncture-proof tires are mounted on 
10-in. diam. ball bearing wheels, and two 
swivel casters provide responsive steering 
for sharp turns. (8) There is no danger of 
the load running away when moving down 
inclines, downward pressure on the steering 
handles acts as a brake, 

Bulletin WC available on request to 
Gleason Corp., 534 N. Ninth St., Mil- 
waukee 3, Wis. 


New Products 


Three-Phase Mash Welder 


One of the latest 3-phase welding y 
chines built by Seiaky for mash weld 
transformer housing tanks is 
above. This machine is rated 
kva. with a throat depth of in 
capable of mash welding two thickness 
of 0.109-in. clean mild steel. It is equipped 
with a_ specially 
hydraulically operated locating fixty 
for accurately determining the me: 
overlap of the seam for correct mas 
welding performance. Four hydray 
cylinders provide the _necessary | 
clamping pressure to the clamp bar 
A total of 48,000 Ib. is applied all along 
both sides of the seam for positive clamp. 
ing. 

Sciaky Bros., 4915 W. 67th St., Chicag 
38, Till. 


pi tur 
at 
59 


designed automat 


Weld Flux Chipper 


A new small Weld Flux Chipper was pu 
on the market recently by Chicago Pheu. 
matic Tool Co., 6 E. 44th St., New Yor! 

Priced at only $50 this general-purpoy 
chipper has some really new features, chi 
of which is a jet blower device. This isn 
just an exhaust vent, but a positive air } 
which cleans off a work surface just 
though a blow gun were built into 
tool. An equally important feature is t! 
extra smooth throttle action, provided 
an exclusive pulley valve design. 

The accompanyingillustration shows th 
tool peening weld on a tractor sprocket. 

Because it weighs but slightly over 4 !! 
and is just over 10 in. long, the tool 
perfect for chipping weld in hard-to-get-a 
places, such as inside small tanks 
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Welded Pickling Hook 


These six hairpin pickling hooks, 
veighing 1272 lb. each, are capable of 
arrying loads up to 4200 lb. Fabricated 
ntirely by welding, the hooks themselves 
ue made of heavy Monel plate. The 
round supporting members are of steel, 
overed with a welded-on jacket of 14 
gage Monel. The hooks were designed 


und made by Youngstown Welding and — 


Engineering Co., Youngstown, Ohio, for 
the pickling of wire and cable. 


Unionmelt Welding Inside 
Seams of a Girder 


A Unionmelt welding head was provided 
with a 7-ft. extension nozzle to weld #/s- x 
\2-in. diaphragm plates to !/s-in. thick 
side plates of a deep box girder. A small 
hopper is carried on the end of the nozzle 
extension (Fig. 1) to distribute the Union- 
melt granular material. After cooling, 
the fused material cracks off and exposes 
the clean, dense weld. 


Fig. Ll Welding a 6 ft. seam within a 1 ft. square 


opening 


DrceMBER 1948 


The Type U Unionmelt welding head is 
mounted on a carriage supported by a 
short track to provide a 7-ft. travel in the 
direction of the weld. The short. track 
can be moved along the length of the 
girder for welding within each opening, as 
shown in Fig. 2. 

The girders on which this work was re- 
quired became the main support girders 
for a 60-ton Gantry-type dock crane. 

With the extension and hopper as shown, 
welds were easily and quickly made within 
an opening so small that other methods 
could not have been used without great 
difficulty. 


Press-Type Welder 


A new design of heavy-duty press-type 
projection and spot welder is capacities of 
50, 75, 100, 150 and 200 kva. has just been 
announced by Universal Welder Corp., 
located at 768 Carnegie Ave., Cleveland 15, 
Ohio. These units are air-operated 
welders equipped with a variety of cylinder 
styles and sizes suited to different classes 
of welding and metals. It is claimed that 


Fig. 2 


the Universal transformer construction is 
unusually efficient and durable, utilizing 
not only asbestos insulation but also a 
unique impregnating varnish of the modi- 
fied silicone type capable of withstanding 
temperatures of 400° F. and over without 
deterioration, though the units are de- 
signed as though for normal 100° C., 
operation. 

The Universal Press Head with ad- 
justable gibs has the cylinder built as an 
integral part of and moving with the slid- 
ing head—the piston remaining fixed. 
“Q” ring packing and sealing is used with 
cylinders operating with metal to metal, 
fits generally as used in internal combus- 
tion engines. 

This line now rounds out the completely 
modern line of rocker arm and press-type 
welders which this company has 
selling for the past several years. 


been 


The carriage-mounted Unionmelt head can be moved 


laterally the length of the girder 


New Products 
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ACTIVITIES 


Anthony Wayne 


The first meeting of the newly formed 
Anthony Wayne Section was held on Mon- 
day, September 17th, in the Chamber of 
Commerce Bldg., Fort Wayne, Ind. 
There were 30 members and seven guests 
present. The meeting was called to order 
by George H. Laws, chairman, who intro- 
duced the speaker, T. B. Jefferson, Editor 
of The Welding Engineer, who spoke on 
“What the Future Holds for Welding.” 
A résumé of Mr. Jefferson’s talk consists 
of the fact that the future of welding is 
great, wonderful! Welding is the first new 
fabricating process in 3000 years. Future 
may hold such possibilities as joining of 
such dissimilar materials as metal, wood, 
glass, plastic, ete. 

An open discussion followed the benefits 
the A.W.S. has to offer, what books or 
courses are recommended for schools and 
colleges offering welding courses or de- 
grees and judicious use of welding process 
to save critical materials. 

Future meetings—definite date of fourth 
Friday of each month was set for meetings. 
Chamber of Commerce Auditorium was 
set as the meeting place. 

The second regular meeting of this Sec- 
tion was held on Friday evening, October 
22nd, in the auditorium of the Chamber of 
Commerce. George H. Laws, chairman, 
called the meeting to order promptly at 
8:00 P.M. There were 35 members and 
guests present. 

Mr. Laws introduced the speaker of the 
evening, Harold Baldwin of R. G. LeTour- 
neau, Ine., of Peoria, Ill., whose interesting 
and educational talk ‘Welding Proce- 
dures,”’ was clearly illustrated by descrip- 
tions of operations in the LeTourneau 
plant. Some of their operations and pro- 
cedures were further pictured by a series 
of slides which were explained by the 
speaker. 

Mr. Baldwin also mentioned the in- 
teresting fact that R. G. LeTourneau make 
their own welding rod for practically all of 
their operations, but are not in the field 
selling it. 

After he concluded his talk an open 
forum was held and Mr. Baldwin clearly 
answered quite a few well-put questions. 
He also offered for general inspection some 
prints and specifications of some of their 
more interesting operations. 


Birmingham 


The first meeting of the year was held 
on Thursday, October 7th, at Hooper’s 
Cafe. There was an attendance of 53 for 
dinner and 72 for the technical program. 

The subject “Welded Steel Structures”’ 
was presented by LaMotte Grover, Weld- 
ing Engineer of the Air Reduction Sales 
Co., New York. 


Prepared by C. M. O’ Leary 


Bridgeport 


Dinner meeting of the Bridgeport Seec- 
tion was held on Thursday, October 21st, 
at the Candlelite. John L. Lang, Assist- 
ant Superintendent and Welding Engineer 
of the Lukens Steel Co., spoke on ‘‘Modern 
Machine Welding.”’ Mr. Lang also pre- 
sented two fine movies entitled “World’s 
Largest Plate Mill,” and “Lukenweld.”’ 


Chattanooga 


Regular monthly dinner meeting was 
held on Friday, November 5th, at the 
Chattanooga Golf & Country Club. J. 
Lyell Wilson, Research Director, Ameri- 
can Bureau of Shipping, New York, was 
the guest speaker. As a known authority 
on control and inspection for quality welds, 
Mr. Wilson gave a lecture on this subject, 
which was of benefit to all. 


Chicago 


The regular monthly meeting was held 
on September 17th at People’s Gas Light 
and Coke Co. Auditorium. Dinner pre- 
ceded the meeting at Burke’s Grille and 
Restaurant. Premeeting movies, entitled, 
“Weekend in Bermuda” shown 
through the courtesy of Pan-American 
Airways. .Two movies on horses and their 
training were also shown. These were, 
“Bit and Bridle’ and “Blue Grass.” 

The subject of the technical meeting 
was, “Resistance Welding with Three- 
and Single-Phase Equipment.” 
Clyde E. Smith, Chief Electrical Engineer 
of Taylor-Winfield Corp., Warren, Ohio, 
described a newly developed resistance 
welding system of converting 3-phase a. ec. 
to d. ¢., for spot, seam or butt welding. 
Known as “Tri-Phase Direct Current 
Welding,” the process is adapted for use 
in the welding of steels, stainless steels and 
aluminum alloys. 

The October meeting was held on the 
15th. Premeeting movies were “Sports 
Around the World,” a movie of sports 
activities of countries the world over 
training for the Olympic games, and 
“Welding Big Pipes,’ the manufacture 
and welding of diameter pipe for pipe-lines 
transmission of oil and gas under high pres- 
sure. Shown through the courtesy of the 
A. O. Smith Corp. 

The subject of the meeting was ‘“‘Spec- 
troscopy Applied to Welding.”” William 
J. Poehlman, director of the spectro- 
graphic research laboratory at A. O. Smith 
Corp., endeavored to acquaint those in the 
welding field with the great commercial 
value of the spectrograph in controlling 
welding and weld materials. 


were 


Phase 


Spectro- 


graph and other equipment used in a 
modern laboratory along with some typical 
results obtained were illustrated. 


Section Activities 


Cincinnati 


Dinner meeting was held on Septem, 
28th at the Anthony Wayne Hotel, Hamjj 
Mr. Wiss, of the Limna-Hamil. 
ton Corp., presented a general after-dinyy 
talk which was well received. 

The meeting consisted of a very jp. 
teresting plant visit to the Lima-Hamilto, 


ton, Ohio. 


Corp. 


Weldments on very heavy mm 


chines and Diesel engines were viewed 
The Cincinnati Section is very thankful y 
the Lima-Hamilton Corp. for the coy 
tesies extended to them at this meeting 
There was an attendance of 84. 
Regular monthly meeting for Octobe; 
was held on the 26th at the Engineering 


Society 


Headquarters. 
and guests were present. 


Forty 


members 


F. E. 


Crarriott 


Welding Engineer, Ampco Metals, Ine 
Milwaukee, Wis., spoke on the use of 
aluminum bronze electrodes in the welding 
and repairing of tools and dies. Slides 


were used for illustration. 


tation. 


the meeting. 
On October 22nd “open house” was he! 
at the Hobart Brothers Co., of Troy, Ohi 
This was sponsored by the Indianapol 
Sectidn of the A.W.S., who cordially 
vited all members of the Cincinnati % 


tion to 


Section activities. 


attend. 


Cleveland 


Good presen- 


Refreshments were served aft 


Complete write-up 
given in connection with the Indianapoll- 


The first fall meeting of the 1948-4) 
the Cleveland Section was 
joint meeting with the Society of Nava 


season of 


Architects 


October 13th. 


and 


Marine 


Engineers 


H. W. Pierce, Assistant | 


the President of New York Shipbuilding 
Corp., spoke at the technical session 0 
“Postwar Impressions of Japan with li 
spect to Shipbuilding.” 

Mr. Pierce is well known in engineering 
and welding circles, not only in Philadel- 
phia where he resides, but nationally and 
internationally, being an honorary mem- 
ber of the Japan Welding Society. 

J. G. Magrath, Executive Secretary o! 
the A.W.S., spoke at the dinner, on tl 


AMERICAN WELDING SOCIETY. 


One hun- 


dred members and guests were presen! 


Colorado 


T. B. Jefferson, Editor of The W eldiny 
Engineer was the guest speaker at the din- 
ner meeting held on October 12th in th 
Range View Room, Silver Wing Inn, Den 


ver. 


Mr. Jefferson’s subject, “What (he 


Future Holds for Welding,”’ was presented 
in a clear-cut, interesting manner and s 
of interest to all. 


A motion picture, 


Shapes for Industry,”” was also shown 


Thirty-three members and guests wert 


present. 


THe WELDING JOURN 


ty 
: 
7 
: 
: 
z 
“a 
a 
f 
ad 
La 
fF 


WOW CHOOSE 


THE RIGHT ELECTRODE 
er=dinng 
AMilto 
ani ‘fer welding all 
types of mild 
October 
steels 
Marriott 
ls, 
of 
Ciding 
"sl It’s Alloy Rods Co. WELD-ARC! 
presen- 
me Yes, Weld-Arc electrodes are the right electrodes ‘a 
“on for all your mild steel welding jobs! They give 


ally in. you uniform welds every time, because special thermostatically-controlled ovens 
up is maintain their welding characteristics. And all through production, they are con- 


tinually checked and tested by experienced laboratory and research technicians 


for uniformity and correct consistency—to insure that you get the same superior 


sod welds from every box of Weld-Arc electrodes you use! 
Nava 
os FAST DELIVERY from STOCK! Now Weld-Arc electrodes are available in a 
uilding op 
en sufficient quantities to meet a// your mild steel welding needs. ey 
a So for better welding and faster delivery, order these 11 Weld- ) 
yc Arc electrodes for all your mild steel requirements! 

ry ol Weld-Arc electrodes are available from Alloy Rods Co. Dis- 


n the 
hun- tributors from coast-to-coast. For the name of the one nearest 


you— write us today. And for complete information on all 
Alloy Rods Co. electrodes for welding stainless steel, cast iron, 
tool steels, mild steels and various alloys, write Alloy Rods Co., 


h Dept. C-1, York, Pennsylvania. 


Look for the FLAMING-ARC Trademark 
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Dayton 


On Wednesday, October 20th, members 
of the Dayton Section attended dinner and 
a plant inspection sponsored by Frigidaire. 
The showing of a movie, “Strange Inter- 
view,’ was followed by the tour of the 
plant. 


Detroit 


The second meeting of the season, held 
on October 8th in the Small Auditorium of 
the Engineering Society of Detroit, fea- 
tured annual amateur night at which 101 
people set out to prove they were experts 
by answering 24 true and false and multi- 
ple choice questions on welding and four 
questions on “Know Your Society.” 

Stars of the evening and the awards 
pinned on them by M. C. and Second Vice- 
President Ed Brown were: Reginald Ja- 
meison, Air Reduction Sales, Expert— 
Blue Ribbon; Charles C. Titherington, 
Progress Welder Co., Ist Asst. Expert— 
Horn; T. William Allen, Progress Welder 
Co., 2nd Asst. Expert—Drum; and Harry 
S. Rose, Progress Welder Co., Runner 
Up—Rocking Horse. 

Judging was done by Don H. Corey, 
Detroit Edison Co.; Jack Gordon, Pro- 
gressive Welder Co. and Robert H. Benne- 
witz, The Linde Air Products Co. 

The questionnaire was carefully written 
and representative questions touched on 
all phases of welding in order to give equal 
opportunity to all persons to become ex- 
perts. 

A feature of this year’s questionnaire 
were four questions taken directly from 
material presented in Toe WeLpInc Jour- 
NAL, appropriately calling attention to the 
JOURNAL as a medium for finding the 
answers to our questions and as an aid to 
“Progressing in Welding.”’ 

This type of meeting the Detroit Section 
has found to be helpful in stimulating 
discussion, assists in getting acquainted 
and fosters good fellowship. 

The December 9th meeting was the 
annual “Patrons Night”’ held at the Ameri- 
can Legion Hall on Greenfield at School- 
craft, 

The Saginaw Valley Division held its 
regular monthly dinner meeting on Octo- 
ber 7th at Zehnder’s, Frankenmuth, Mich. 
R. M. Wheeler, chairman, spoke on the 
activities of the Saginaw Valley Division. 
Technical speaker was Chester A. Tud- 
bury, District Engr. of Tocco. Mr. Tud- 
bury presented an interesting talk on 
“Electrical Aspects of Induction Heating.”’ 
A film “A.-C. Are Welding’ was shown 
through the courtesy of the Westinghouse 
Electric Corp. A “sideshow,” consisting 

of a display of unusual welds, equipment, 
etc., was very well received by all. This 
meeting proved to be successful in so far as 
holding interest of those attending and 
stimulating further interest in the Socrery 


Hartford 


Richard C. Cunningham, Metallurgist 
for Industrial Steels, Inc., Cambridge, 
Mass., spoke on the subject “Stainless 
Steels” at the October 21st dinner meeting 
held in the Whitlock Mfg. Co. Cafeteria. 
Thirty members were present at dinner 
and 35 at the meeting. 


L100 


Indiana 


The September meeting of the Indiana 
Section was held at the plant of P. R. 
Mallory & Co., Ine., in Indianapolis, on 
Friday evening, September 24th. 96 at- 
tended the meeting. The meeting was 
opened with a fine meal served in the 
Mallory Employees’ Cafeteria, followed by 
introduction of new officers for the year. 
After these introductions, the meeting was 
turned over to A. F. Rhoads, Advertising 
Manager for Mallory, who introduced both 
E. I. Larsen and E. F. Holt. These gentle- 
men gave short talks on Mallory alloys and 
the importance of water cooling in resist- 
ance welding. The balance of the evening 
was given over to a tour through the plant 
with special emphasis on the various 
metallurgical laboratories, including Re- 
sistance Welding, Powder Metallurgical, 
Physics, Spectrographic, Alloy, Contact 
and X-ray. Attendants in the various 
labs were on hand to explain and answer 
any questions arising in their field. 

On Friday, October 22nd, 50 members 
and guests of the Indiana Section and 10 
members of the Cincinnati Section, were 
entertained at The Hobart Brothers Co. 
plant with a very instructive trip through 
that plant in Troy, Ohio. Hobart 
Brothers Co. is one of the early members 
of the AmerIcAN WELDING Socrery. 

In the course of the 2'/s-hr. tour, mem- 
bers and guests saw the manufacturing 
layout for all types of are-welding sets, 
battery chargers, grinders, motor genera- 
tors, air compressors, arc and gas welding 
accessories, generator sets and airplane 
ground power units. 

A delicious dinner was served in the 
company cafeteria, after which E. A. Ho- 
bart, President of the Hobart Brothers Co. 
gave a short address of welcome. John 
Blankenbuehler, of their engineering 
staff, gave a short history of the company 
as related to the welding industry, as well 
as discussing, in layman’s language, tlie 
principles of are welding. Glyn Williams 
of this company then discussed special 
motor generator sets. A lively question- 
and-answer period followed. 


Kansas City 


Dinner meeting held on September 16th 
at the Advertising Club was attended by 
32. No dinner speaker. Speaker at the 
technical meeting was Howard Simms of 
Black, Sivalls & Bryson, whose subject was 
“Application of Welding Processes.”’ 
Forty one were present at the meeting. 
A film, “Design for Welding,” was also 
shown. 

October dinner meeting was held on the 
14th at the Advertising Club. George 
Williamson, chairman, called the meeting 
to order at 7:45 P.M. Speaker at the 
technical meeting was T. B. Jefferson, 
Editor of The Welding Engineer, who spoke 
on ‘‘What the Future Holds for Welding.”’ 
A film, ‘““World’s Largest Plate Mill,” was 
shown through the courtesy of Lukens. 


Lehigh Valley 


R. E. Somers, Research Engineer, 
Bethlehem Steel Co., was the guest speaker 
at the monthly meeting held Monday, 
November Ist, at the Hotel Bethlehem, 


Seclion Activities 


Bethlehem, Pa. C. L. Kreidle; 


presided. 


Mr. Somers gave an illustra 
“Hard Surfacing in the Stee! 
discussed welding processes 
surfacing and told of numero 
tions in steel 
Somers outlined the steps to | 
order to insure high-quality an, 
cal hard surfacing. 

A dinner meeting preceded th, 
session at which time A. F. \ 
licity Director of the Lehigh Val), 
Club, spoke 
George Schoffstal, 
College, gave a demonstratio; 
training, putting a cocker spani 
a few obedience tests. 


Friend.” 


Los Angeles 


The Los Angeles Section held its regyis 
monthly meeting on Thursday 
October 21st. 
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Best 

M Tavias 
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throug} 


evening 
Featured was an extrem, 


interesting tour of the Southern Papcify 
Railroad Shops in Los Angeles. T 
sponsored by Management of the Sout} 
ern Pacific Railroad, displayed welding 
applications used in repair and maint 
nance of railroad equipment. 
Supervisors of the shops in conducting 


the tour described various operations en 


ployed in each of their numerous depart 


ments. Free access was available to ot 


serve all work in progress for complet: 
overhauling huge mountain type locor 
tives. Of special interest were 
applications required for replacement 
boiler plates within the firebox. 
up and remachining of worn bronze ar 
steel parts is standard procedure 
matic metallic arc-welding operations 
employed for building up wheels 

The Diesel 
offered a distinct contrast to the 
Locomotive Shop where a majority o! 
best boilermakers served their apprenti 


ship. 


Louisville 


K. D. I. Murray, of the Jeffersonvilli 
Boat and Machine Co., was the gues 
speaker at the October 26th meeting o! 
Louisville Section 
Kunz Restaurant. 

Mr. Murray, who has had experience 1! 


Suilding 


ar 


et 


the 


Prestor 


the John Brown’s shipyard on the Kiv: 


Clyde in Septland and has had 25 
service in the British Merchant 
and Royal Naval Reserve, spoke on ‘Thi 
Business of Riveting.”’ 

The early history of riveting was traced 
especially in the building of ships 
amples were cited of the use of riveting, © 
welding and a combination of both riveting 
and welding in the construction of ships 
during the world wars. 
was incited by the talk. 

“Steam Power for American Sea Pow: 
was the subject of a 24-min. sound movi’ 


Marine 


EX 


A lively diseussio! 


furnished by the Babcock & Wilcox ‘© 


used in conjunction with the talk. 
A Dutch Lunch was served at the enc 
of the meeting. 


Maryland 


A tour through the U. S. Naval Pr 
neering Experiment Station at Annaj'» 
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Xtreme), 
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‘his Visit 
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ducting 


ONVILE 


gues 


movie 
Co 


pd a ¢ feast was held on September 
‘sth. Ope hundred and fifty attended the 
yr which started at 11:00 A.M. with a 
lomonstration of laboratory equipment, 
vethods of welding and testing and under- 
cater cutting. Group journied to nearby 
epdezvous for crab feast and entertain- 
One hundred took part in the crab 


nent. 


east. 
The October 15th meeting was held at 


Rngineers Club, Baltimore. A movie, 
The Martin 202,” was shown during din- 
vr. BE. B. Lutes, Arerods, Corp. pre- 
sented the technical address on ‘‘What 
Makes a Good Weld.” There was an at- 
endance of 70 during the meeting and 26 
sttended the dinner. A special feature was 
, display of and information on A.W.S. 


oublicat ions. 


Vichiana 


The Michiana Section enjoyed a very 
nteresting demonstration on welding zinc 
base die castings at its October 28th meet- 
ing in South Bend, Ind. It was put on by 
Vy. A. Henry, Welding Engineer of Bendix 
Products Division, Bendix Aviation Corp. 
South Bend, in response to numerous 
requests for a meeting on this subject. 
Despite the fact that many people hold 
the erroneous idea that die castings cannot 
be welded, Mr. Henry pointed out that it 
has been done at Bendix for years. As a 
matter of fact, practically all new models 
if carburetor bodies were originally built 
ip with welding. Mr. Henry demon- 
strated how to make filler rod from melted 
jown metal, how to make butt and fillet 
welds, how to build up bosses and how to 
solder these alloys. 

\ movie, “Introduction to Die Casting,” 
was shown prior to the demonstration 
through the courtesy of the New Jersey 
Zine Co. 


Milwaukee 


The October speaker at the Milwaukee 
Section meeting on October 22nd was J. F. 
tandall, Ford Motor Co. His topic was 
Special Applications of Resistance Weld- 
ing in Automotive Construction.’”’ The 
speaker described some very interesting 
problems and the means of solving them. 
This very interesting talk was suitable 
augmented with slides and blackboard 
illustrations. As a result of Mr. Randall’s 
discussion, many members expressed in- 
creased confidence in the strength of the 
'rames of their automobiles. An interest- 
ing coffee talk by Milwaukee’s famous 
bowler, Hank Marino, was enjoyed by 
about 50 members who attended the din- 
ner. 


Nashville 


The first fall meeting of this Section was 
held on Friday evening, October Ist. 
LaMotte Grover, of Air Reduction Sales 
Vo., New York, gave a very informative 
and interesting talk on the subject of 

Welded Bridges and Buildings.”’ Thirty- 
‘1X members and visitors were present. 


Vew Jersey 


The New Jersey Section heard a talk 
overing Machine Gas Cutting at its regu- 
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lar monthly meeting on October 19th in 
the Essex House, Newark, N. J. The talk 
was presented by Raymond M. Dennis of 
the Lukens Steel Co., Coatesville, Pa. 
Mr. Dennis is considered an outstanding 
authority on flame-cutting practice, steel 
plate shaping and fabrication. His long 
association with some of the largest 
organizations in this field makes him par- 
ticularly well-qualified to talk on this sub- 
ject. A motion picture was shown which 
depicted machine gas cutting as practice 
at the Lukens Steel Co. 


New York 


The New York Section held its second 
meeting of the season on October 13th. 
The speaker was C. B. Voldrich, Chief 
Welding Engineer of Battelle Memorial 
Institute, Columbus, Ohio. Mr. Voldrich 
spoke on the subject of ‘‘Weldability of 
Steels.’”’ In clear, concise terms, Mr. Vold- 
rich discussed the metallurgical aspects of 
the welding of steels, paying particular 
attention to the nature of cold cracking in 
the heat-affected base metal of metal arc 
welds in steels. He covered the general 
concept of the behavior of hydrogen in 
metal are welds and presented data on the 
hydrogen generating characteristics of the 
various types of electrodes. The influence 
on cracking of chemical composition and 
the distribution of carbon and alloying 
elements in steel was also treated. 

Mr. Voldrich’s presentation of this diffi- 
cult subject was admirably done, and 
those who attended the lecture showed 
keen interest in the subject and in the 
discussion that followed. Dr. Albert Mul- 
ler, Research and Development Engineer, 
of the Air Reduction Laboratories, pre- 
sided as Technical Chairman of the meet- 
ing. 


Northern New York 


Mr. Potter, Chairman of the local 
Technical Activities Committee, lead a 
discussion meeting on “History of Welding 
in the General Electric Co.” at the October 
28th meeting held at Rensselaer Polytech- 
nic Institute. 


Northwest 


M. Monsler, Assistant Sales Manager, 
Welding Division of the Harnischfeger 
Corp., was the guest speaker at the Octo- 
ber 12th meeting. Mr. Monsler spoke on 
the subject, “Welding Production Prob- 
lems and Production Control.” 


Northwestern Pennsylvania 


A joint meeting with Warren Foremans 
Club was held on October 19th at the 
Warren, Pa., Y.M.C.A. E. W. Hopper 
and J. A. Goodford, of Crucible Steel Com- 
pany of America, were the speakers. Their 
subject was ‘Design and Fabrication of 
Stainless Steel Processing Equipment.” 
E. W. Hopper is Crucible Steel Co.’s 
Specialist on Processing and Processing 
Equipment and J. A. Goodford is their 
Fabrication and Welding Specialist. Their 
talks brought out the most up-to-date ad- 
vances in the application and fabrication 
of stainless steel. 


Section Activities 


Philadelphia 


A panel discussion on nondestructive 
testing, X-ray, Gamma ray, Magnaflux 
and Xyglo was held on Friday, November 
5th, in the Junior Room of the Engineers 
Club. 


Pittsburgh 


The first meeting of the 1948-49 season 
was held on Wednesday, October 20th, in 
the Auditorium of Mellon Institute of 
Industrial Research. R. F. Wyer, Weld- 
ing Equipment Application Engineer, 
General Electric Co., Schenectady, N. Y., 
talked on the fundamentals of the Inert- 
Arc, both a. c. and d. ¢., and pointed out 
how they affect the application of the proc- 
ess to various materials. He also briefly 
discussed the radio interference aspect of 
some a.-c. inert-are welders. Slides illus- 
trating a few applications of inert-are 
welding, the equipment used in doing this 
work, and some semi-technical charts out- 
lining the fundamentals involved were 
shown. 

A get-together dinner was held in the 
Dithridge Room of the Hotel Webster Hall 

Calendar of meetings for 1949 is as 
follows: 


January 19—‘‘Development and Use of 
Hydrogen-Free Electrodes.’ Dr. Da- 
vid F. Helm, Research Fellow, Mellon 
Institute of Industrial Research, 
Pittsburgh. 

February 16—‘‘Resistance Welding as 
Applied to Low-Pressure Vessels and 
Structural Welding.”’ David Sciaky, 
President, Sciaky Bros., Chicago. 

March 16—‘‘Low-Temperature Silver 
Alloy Brazing.” A. M. Setapen, 
Manager, Engineering Division, 
Handy & Harman, New York. 

April 29—Twelfth Annual Tri-State 
Convention. Special program of 
speakers and activities will be an- 
nounced later. 


Puget Sound 


The first fall meeting of the Puget Sound 
Section was held at the Engineers Club on 
Wednesday, September 29th, at Seattle, 
Wash. 

The speaker was Dr. William G. Thei- 
singer, Manager of Sales Development of 
Lukens Steel Co. and Divisions, By-Prod- 
ucts Steel Co. and Lukenweld. Dr. 
Theisinger is one of the best authorities 
today on clad steels. His subject was the 
manufacture, fabrication and application 
of clad steels and the problems encoun- 
tered in welding these materials. His talk 
was illustrated with slides and colored 
sound pictures. At the close of the talk, he 
answered many interesting questions 
asked by his very attentive audience 

The meeting was held jointly with the 
American Society for Metals with a total 
attendance of 95. 


Rochester 


On October 18th, 150 members and 
guests of the Rochester Section attended 
the first meeting of the 1948-49 season. 

This meeting was in the form of an in- 
spection trip through the following depart- 
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ments of Eastman Kodak Co., Kodak 
Park Works. The new recreational build- 
ing, which now contains cafeterias and 
dining rooms on two floors, gymnasium 
and offices on the third floor, swimming 
pool on the fourth floor, and sun-deck on 
the roof. 

Also visited was the Metal Shop, the 
Sheet Metal Shop and the Power Plant. 
Two new boilers and generators have re- 
cently been completed in the Power Dept. 

The group, representing over 40 con- 
cerns in or near Rochester, enjoyed dinner 
in the new building before the trip. 


San Francisco 


A round-table discussion was held on 
October 25th at a dinner meeting in the 
Engineers Club. Subject of the discussion 


was “Costs, Fabrication, Strengths of 
Aluminum and Steel.”’ Panel for the 
round-table discussion consisted of Dr. 


Earl R. Parker, of the University of Cali- 
fornia; Eugene Burton, of the Aluminum 
Co. of America; Albert Everett, of the 
Pacific Metals Co., Ltd.; Harry Kennedy, 
of the University of California and W. R. 
Kennedy, of the Columbia Steel Co. A 
movie, “This Is Aluminum,” 


was shown 
preceding the discussion. 


Syracuse 


Dinner meeting was held on November 
10th fn the Hiawatha Room of the Hotel 
Onondaga. George Blun of the Svracuse 
Manufacturers Assn. gave a short talk on 
the effects of the recent election on the 
stock exchanges. 


Washington 


The October meeting of the Washington 
Section was held at the Lansdowne Plant 
of the Westinghouse Electric Corp. on 


October 19th. A number of members 
from the Baltimore Section including 
District Vice-President G. E. Claussen 


were present, 

After dinner, C. P. Bernhardt, of the 
Westinghouse Corp., gave a short talk on 
“Industrial Applications of Radio Fre- 
quency Heating,” illustrating economy 
and precision of control in mass production 
heat treatment. He also presented several 
ease problems and their solutions. A 
Westinghouse industrial film showing the 
use and operation of induction and di- 
electric heating units followed the talk. 
After the movie film was shown, a guided 
inspection tour of the plant was made to 
observe the manufacture of 
quency heating equipment. 


radio fre- 


Western New York 


A joint meeting with the Buffalo 
Chapter, American Society for Metals, 
was held at the Hotel Touraine, Buffalo, 
N. Y., on October 14th. Over 100 mem- 
bers and guests of both societies were on 
hand for the dinner and social hour which 
preceded the technical session. Barney 
Aronson, of the Aronson Machine Co., 
Areade, N. Y., surprised the group with 
an interesting coffee talk concerning &@ new 
and very versatile positioner which his 
company is now manufacturing.  All- 
welded construction, too. 

Following the dinner, additional mem- 
bers and guests raised the attendance to 
over 200, filling the meeting place to 
capacity for a talk on “The Metallurgy 
of Welding,” by Dr. A. B. Kinzel, Presi- 
dent of Union Carbide and Carbon Re- 
search Labs., Ine. Dr. Kinzel, who is very 
well known to members of both societies, 
did a magnificent job of describing the 
various steelmaking processes and com- 
paring them to the many methods now 
used for welding. He emphasized the 
many ways in which knowledge gained 
from the welding of steel has contribtited 
and will continue to do so in respect to 
that of the steelmaker. He further em- 
phasized just how necessary it is that the 
welding engineer understand the metal- 
lurgy of steelmaking in order to success- 
fully analyze welding phenomena. After 
a lively discussion concerning the future 
of welding, everyone agreed that it was 
certainly bright, that the metallurgists 
and welders had a great deal in common 
and that by close association they could 
contribute materially toward the day 
when the welding processes of the present 
will look like “turtles” in comparison with 
the speeds and other improvements which 

will be associated with welding in the 
future. 

William W. Reddie, Assistant Manager, 
Are Welding Dept., Westinghouse Elec- 
tric Corp., Buffalo, N. Y., will address a 
joint meeting with the American Society 
of Safety Engineers on Thursday, Decem- 
ber 16th, at the Hotel Touraine, Buffalo, 
N.Y. His subject will be “Safe Practice 
in Are Welding.” 


Wichita 


Regular monthly meeting was held on 
October 11th in the Rose Room of the 
Broadview Hotel, Wichita. T. B. Jeffer- 
son, Editor of The Welding Engineer and 
the Welding Encyclopedia, spoke on ‘‘What 
the Future Holds for Welding.” Mr. 


Jefferson’s talk was favorably received. 


York-Central Pennsylvay iq 


Ray McClung of Lukens Ste 
the speaker at the November rq 
meeting held in the Yorktowy 


Shop. 


Mr. 


MecClung’s 


Welding of Clad Steels,” 


information on all the problems 
the fabrication of all type vessels. 


using clad steels. 


Co. was 
dinn 


Coffey 
Subject, “Tp 


pertinens 
ising jg 
ete 


Canadian Welding Society 


First meeting of the 1948-49 season » 
the Niagara District Chapter was held » 
Wednesday, October 13th, at St. Caths 


rines Collegiate, St. Catharines. 


Pro 


George Webb, Associate in Farm 
chinery of Dept. of Agricultural Machip. 
ery, Ontario Agricultural College, Guelp} 
spoke on “Farm Tillage Tests of Welded 
Hard Surfacing Alloys.” 

The first meeting of the 1948-49 seaso 
of the Montreal Chapter was held 9 
Monday, October 18th, in the Spanis! 
Room of the Queen's Hotel. 


Chief 
Welding 
Toronto. 


Engineer, 
Labs., 


Metallurgist, 
Harnischfeger 


Corp., 


Kleetrode 


D. C. Smit! 
Divisior 


spoke on Ar 


Electrode Coatings and The 
Effect on Welding.” 

The Toronto Chapter met on Monda 
November Ist, at Malloneys Art Galle: 


Metallurgy 


Piping.”’ 


R. Seabloom, Supervising 


E. 
Research and 
Crane Co., Chicago 
and Welding 


Dey elopme 
spoke 


ol Pressure 


The second meeting of the 1948-49 series 
of the Hamilton Chapter was held 


Tuesday, November 2nd, at 


Me Mast: 


University, Science Building, Hamilto: 
FE. R. Seabloom, Supervising Engineer 
Research and Development Labs., Cram 
Co., Chicago, spoke on “Metallurgy an 
Welding of Pressure Piping.” 

The second meeting of the 1948-44 series 
of the Kitchener-Waterloo Chapter Was 
held on Wednesday, November 3rd, at |! 


K-W Y.M.C.A. Auditorium. 


“Metallurg 


and Welding of Pressure Piping” was pr 


sented by 
Engineer, 


and 


Labs., Crane Co., Chicago. 


The 


second 


meeting of 


R. Seabloom, Supervising 
Research 


Developme ni 


the 1948-44 


season of the Niagara District Chapte 
was held on Thursday, November 41h, a! 


Atlas Steels Auditorium, Welland. 


Met- 


allurgy and Welding of Pressure Piping 
was presented by E. R. Seabloom, Supe! 
vising Engineer, Research and Develop- 
ment Labs., Crane Co., Chicago. 


Section Activities 
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Conventional welder circuit (left) shows irregular 
current flow, arc “black-outs,” and unbalance (d-c 
component) in the alternations above and below the 
straight zero line. 


The built-in stability of G-E Type WP Inert-Arc 
welders produces the uniform “balanced-wave” 
current (right below). 


Originally designed specifically for weld- 
ing aluminum without flux and with 

minimized radio interference, these Type 

WP Inert-Arc welders have been made 
even better than ever with the incorpora- 
tion of G-E Idlematic control. 


YOU WILL FIND IT EASIER TO OPERATE 

Simply touch the electrode to the work, 
and you’re off to a good weld. Idlematic 
control makes it as easy as that! 


YOU CAN MAKE CLEAN STARTS 

Easy striking and reduced tungsten con- 
sumption of the Idlematic Inert-Arc welder 
will save you time and money. Clean welds 
mean fewer rejects. 


YOU GET AN ADDED SAFETY FEATURE 

Accidental discomfort to the operator, 
from the open-circuit voltage of the welding 
transformer, has been eliminated. 


Want toknow more about savingsin gas con- 
sumption—increased welding speed—better 
bead contour? See your G-E Arc-welding 
Distributor—or mail the coupon below. 


In welding this sturdy, tubular, aluminum coat rack, the starts have been 
made neatly and easily, producing fine-looking, flux-free beads thanks to 
the Idlematic control and balanced design of the G-E Inert-Arc welder. 


“A-C or D-C... 
there's G-E Arc-welding Equipment for Every Application!” 


ARC WELDERS « ELECTRODES « ACCESSORIES 


address 


Copyright 
1948, 
Generai Electric Co. 
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VEW WEMBERS 


BOSTON 


Brandt, Francis L,, Jr. (C) 


Dittmeyer, H. W. (A) 
BRIDGEPORT 
Campano, Louis (C) 
CHICAGO 

Baumler, Harold A. (C) 
Klecka, Robert (C) 
Lincoln, Robert R. (B) 


Peterson, Carl G. (B) 
Reinke, Richard (B) 


CLEVELAND 


Baders, S. M. (B) 
Nosse, Rudolph (C) 
Russell, Allen (B) 


COLORADO 
Haglund, Vern N. (B) 


DETROIT 


Edwards, Stanley W. (D) 
Fitzgerald, James P. (B) 
Gloskey, Herman E. (B) 
Pearson, Carl A. (B) 


INDIANA 


Bacon, William F. (B) 
Etchison, Orville D. (C) 
Mann, George C. (B) 
McGlade, Wayne H. (B) 
Scrifres, Duane M. (C) 


KANSAS CITY 


Marsh, William E., Jr. (C) 


Rosenquist, A. V. (C) 


LONG BEACH 
Bowers, O. B. (C) 


LOS ANGELES 

Hill, Wayne Eldon (B) 
Ufholtz, J. J. (C) 
MICHIANA 


Miller, Edward (C) 
Miller, Martin A. (B) 
Riblet, J. R. (B) 
Spencer, Rodger (B) 


NEW YORK 


Ellison, Robert A. (C) 
Haas, Lee (B) 


Peckner, Donald M. S. (D) 


NORTHERN NEW YORK 
Underhill, Robert F., Jr. (D) 


NORTHWEST 
Augustine, Eugene F. (B) 
Bracht, Carl (B) 

Haas, Peter J. (B) 
NORTHWESTERN PA. 
Ware, Warren H. (C) 


ANTHONY WAYNE 


Fisher, Roy C. (B) 
Fruchey, Don R. (C) 
Garard, Baline T. (B) 
Hansen, Niels 8. (C) 
Harris, Joseph R. (B) 
Klingenberger, L. J. (C) 
Rice, D. B. (B) 

Rollins, I. A. (B) 
Spencer, D. F. (B) 
Stevenson, Arthur M. (B) 


BIRMINGHAM 


Alexander, Joe (C) 
Holt, M. L. (C) 
Jinks, W. C. (C) 
Jones, L. H. (C) 
Kelley, Raymond J. (C) 
Lamar, Wessley (C) 
Matthews, K. L. (C) 
Sandefur, R. P. (C) 
Stewart, L. L., Jr. (B) 
Suttle, John F. (B) 
Williams, R. L. (B) 
Williamson, B. W. (C) 


BOSTON 
Revelle, J. E. (B) 


BRIDGEPORT 


Hennessey, James J. (C) 
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CHICAGO 


Ballman, Bruce Paul (C) 
Barry, Thomas John (C) 
Bruen, H. J. (C) 
Burgess, Leslie U. (B) 
Champion, David J. (C) 
Fleig, Donald H. (C) 
Kittel, William (B) 
Kraus, Robert A. (B) 
Wallace, Earl M. (C) 
Westrom, John F. (C) 
Wigton, Matt H. (B) 


CINCINNATI 


Bertsche, Carl I. (C) 
Klingeman, Wm. E. (C) 
Morten, Charles R. (C) 


CLEVELAND 


Cullitan, Elmer J. (C) 
Hinger, Roy E. (C) 
Mumford, William E. (C) 
Peters, Curtis C. (C) 


COLUMBUS 


Callouette, John E. (B) 
Clapp, Melvin C. (B) 
Wayland A. (C) 
Jain, Shantilal J. (C) 
Lakin, Eugene R. (C) 
Maynard, Paul (C) 
Sellers, James M. (D) 


October 1 to October 31, 1948 


September I to September 30, 1948 


OKLAHOMA CITY 
Blake, J. W. (C) 

Ryland, Sam P. (C) 
Smith, C. B. (C) 
PASCAGOULA 
Anderson, John S. (C) 
Costello, Dan (B) 
Flechas, M. M., Jr. (C) 
Howkins, John S., Jr. (C) 
Teel, Hunt A. (C) 


PEORIA 
Williams, Glenn S. (B) 
PHILADELPHIA 


Bower, Howard E. (C) 
Myers, Fred J. (C) 
Tarbox, John P. (B) 
Whitney, W. W. (C) 
PITTSBURGH 


Kachur, George, Jr. (C) 


Orend, Michael M., Jr. (B) 


PUGET SOUND 
Hermon, Robert C. (C) 
ROCHESTER 


Cerulo, Tohn (C) 
Graffrath, Nelson F. (C) 
McCarthy, Edwin F. (C) 
SOUTH TEXAS 

Raney, C. W. (C) 


DETROIT 


Ackerman, Chas. M. (C) 
Burch, Robert L. (C) 
Fisher, Walter V. (C) 
Guenther, Clifford H. (C) 


FPeidebreicht, Lloyd, Jr. (C) 


Kaniszewski, Walter (C) 
Kyser, Wilford H. (B) 
Rohland, Albert C. (B) 
Shutey, Albert J. (B) 
Watkins, Kenneth E. (B) 
Wilbur, William T. (C) 


KANSAS CITY 


Brian, J. K. (C) 
Birgham, R. W. (C) 
Cooper, John D. (B) 
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Stull, John L. (B) 
Wheeler, Henry L. (B) 
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Allen, Robert K. (D) 
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Jarman, John T. (C) 
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Wollering, Walter R. (C 
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Class 8993 Combination Controllers for Spot Welders t 
Provide Accurate Time and Current Measure Recom- 1] 
B mended for Welding Non-Ferrous Metals, Stainless | + 
Steels, Small Parts and Other Critical Industrial Jobs a r 
C + 
ALL FOUR CONTROL ELEMENTS IN ONE ENCLOSURE j 
e Electronic contactor to carry welder transformer 7 
primary current. Try 
e Heat control to adjust welding current from 20% | 1 
to 100%- | 
Gynchronous-precision weld timer to control dura- 
, tion of current flow. 
e Sequence timer for control of electrode motion. 
|MPORTANT NEW CONSTRUCTION FEATURES 
e All terminals and circuit te points completely ac 
cessible. 
e Each element an interchangeable subpanel. 
e Side of machine OT wall mounting. 
e Screwdriver and pliers only tools required for 
maintenance- 
IMPORTANT NEW ciRCUIT FEATURES 
e Separate excitation of ignitors ; 
makes firing independent of load | 
voltage OT current. 
° Differential discharge timing 
eliminates voltage etrors- 
All-electronic circuit—no se 
quencing relays- ( All circuit terminals and tie t 
Sate—110 volt jnitiating, points accessible by 
weldand pressure switch circuits. Bing main door and swing: 
WwW ing ovt sequence ponel. 
nite gor 208 
SQUARE D COMPANY Class 8993 controller can 
be orranged either for side 
of machine mounting OF 
wall mounting. 
RNS LTD., TORONTO * SQUARE D de MEXICO. MEXICO CITY, 


‘ 
q 
An 
ha 
4 
; 
¢ 


sey 


Cummings, Melvin F. (¢ 
Farkas, George B. (B) 
Nagler, Herbert (C) 
Morris, Earl B. (C) 


NORTHWEST 


Gherity, Edward C. (C) 
Johnson, Carl W. 


Hauser, L. G. (C) 
Kauffman, W. H. (B) 
McKeever, L. Scott (B) 
Mears, Robert M. (( 
Misko, Michael (C) 
Platte, W. N. (C) 
Strang, Russell A. (¢ 
(B) Taje, J. A. (C) 


Nordeen, Harold E. (¢ 


Pallum, Henry (B) 


Vikla, Ernest F. 


PUGET SOUND 


(D) Kamb, Roy A. (B) 


NORTHWESTERN PA. 


ROCHESTER 
Lamb, Lewis L., Jr. (C) 
Marthaler, Victor J. (C) Ainsworth, Harvey W. (¢ 
Ostberg, Irwin C. (C) Boss, Robert G. (C) 
Peterson, Glenn (B) Callan, William L. (¢ 


OKLAHOMA CITY 


Boeckman, George W. (D) 
Husky, L. D. (C 


Hall, Stuart A. (C) 
Scheid, Joseph A. (C) 
Ward, Charles F. (C 


) 


Ilacqua, Joseph (C) 
Kliman, Arthur (C) 
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Mills, Frank L. (B) 
Watkins, Ronald (B) 


TULSA 
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Woods, R. D. (C) 
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Twiford, William (B) 
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Castelli, 
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PITTSBURGH Ferguson, Arthur A. (( Hearn, R. D., Jr. (C 
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Rhoades, Russell (C Bares, Edward F (B) 


Skrzypek, Edward P. 
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L. Oldham 


Prepared by V. 


Printed copies of patents may be ob- 
tained for 25c from the Commissioner 
of Patents, Washington 10, D. C. 


2,450,614—We.pine System—Robert L. 
Ringer, Jr., Warren and Clyde E. 
Smith, Port Homer, Ohio, Assignors 
to The Taylor-Winfield Corp., Warren, 
Ohio, a corporation of Ohio. 


The system of this patent includes a 
capacitor, a rectifier to charge the capaci- 
tor and an inductive load circuit. The ca- 
pacitor discharges through such circuit 
and the rectifier output is cut off by such 
discharge. The rectifier circuit is re- 
established on reversal of polarity of the 
inductive circuit. 


2,450,655—Metruop or Sror WeELpING 
Merat Can Enps—Norman H. Golds- 
worthy, Chicago, Ill., assignor to Con- 
tinental Can Co., Ine., New York, 
N. Y., a corporation of New York. 


This patent covers a special method of 
welding a metal key to a sheet metal con- 
tainer end having a bare edge. A protee- 
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tive lacquer coating on the inner surface 
of the container end is not broken as weld- 
ing current is applied to the key and the 
edge of the container end. 


FOR THE Con- 
TINUAL PRODUCTION OF ELECTRICALLY 
Tuses—Albert Dreyer, Lu- 
cerne, Switzerland, assignor to Metall- 
schlauchfabrik, A. G., Lucerne, Switzer- 
land. 


The tube-forming apparatus patented 
includes an elongate cylindrical contact 
member within the tube formed by rolling 
the edges of a metal strip together. The 
contact member bridges between the elec- 
trodes of the apparatus and it is retracted 
by means controlled by forward movement 
of itself. Movement of the contact mem- 
ber controls current supply to the elee- 
trodes, 


2,451,190—Srup Gun—Frank 
W. Anderson, North Weymouth, Mass. 
Anderson’s welding device includes a 
stud holder yieldingly urged toward the 
work. Anelectro-magnet is mounted on a 


Abstracts of Current Welding Patents 


positioning frame for the stud holder a 

has a movable armature. The stud hold 
rests against the work when the magnet » 
de-energized and a member connected! 
the armature moves the stud holder a pr 
determined distance from the work wh 

the magnet is energized. 


2,451,422 Remova 
or Metat with Fivx-Formin 
POWDER IN THE GXYGEN CUTTIN 
SrrReEAM— Robert L. Wagner, Niagar: 
Falls, N. Y., assignor to The Linde Au 
Products Co., a corporation of Ohio 
This patent covers a process for thermo- 

chemically removing metal from « mets 

body comprising concurrently advancing 
along the body a heating flame and al 
oxygen stream. A flux carrying oxy¢ge! 
stream also is provided alongside th 
flame and it carries 1 lb. of flux for about 
from 15 to 100 cu. ft. of oxygen. The flus 
powder is characterized by its abili\y 

flux refractory metallic oxide and provide 

a removable fluid mixture of oxides. Th 

patent also covers a special nozzle for prac 

ticing this process. 


2,451,423— Art or 
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CHAMPION WELDING ELECTRODES 


PRESIDENT 


RIVET COMPANY 
CLEVELAND, OHIO EAST CHICAGO, IND. 
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Fasrics—Charles C. Wickwire, Cort- 

land, N. Y., assignor to Wickwire Bros., 

Inc., Cortland, N. Y., a corporation of 

New York. 

A specialized apparatus for welding 
warp and weft wires is disclosed in this 
patent. 


shape. 


2,451,655—CoatTep 


2,451,442—Metuop or Srot WELDING 
HoLiow Sections—Clarence E. Meiss- 
ner, Washington, D. C., assignor to 
The Budd Co., Philadelphia, Pa., a 
corporation of Pennsylvania. 
Meissner’s welding method relates to 
the resistance welding of metal members 
having hollow portions subject to defor- 
mation by electrodes. The inventor com- 
pletely fills in such hollow portions with a 
low melting metal, performs his welding 
operation and removes the low melting 
material. 


assignors by 


slag-forming 
metallic 


Candy, 

2,451,496—W ELDING System—Hans 

Klemperer, Belmont, Mass., assignor 

to Raytheon Manufacturing Co., New- 
ton, Mass., a corporation of Delaware. 


of Delaware. 


This welding system includes a pulse- 
forming line having a plurality of inter- 
connected capacitators with an inductance 
connected between each pair of capacita- 
tors. Means supply energy to the capac- 


itators which are discharged through a 
welding load circuit to provide a welding 
impulse of substantially rectangular wave 


Henri Bienfait and Paul Christiaan van 
der Willigen, Eindhoven, Netherlands, 
mesne 
Hartford National Bank and Trust Co., 
Hartford, Conn., as trustee. 


The patented rod has a semiconductive 
coating having a 
constituent 
and being in fused form adjacent the weld 
end of the rod to increase’ the conductivity 
of such portion of the rod. 


This patent covers special gear and rack 
means for use in stud-welding apparatus 
wherein a stud to be welded to a work- 
piece is held in a stud-welding machine 
and is arranged to be withdrawn therefrom 
a short distance by longitudinal movement 


of a shaft in response to en 


motor means to strike a welding are | 
tween the stud and the workpi: ce 

w 2,452,009—WeELDING s— 
ELDING Rop R. Woodward, Pleasant Ridge, 
assignor to Westinghouse Elev trie (,,, 
4 East Pittsburgh, Pa., a cor ratiog 
assignments to 


Pennsylvania. 


Woodward’s resistance welding nae} 
has a fixed and a movable electrode. gy, 
movable sypport that positions the mp 
able electrode at a_ bifurcated DOTtioy 
thereof. Switch means responsive to 4, 
formation of the bifurcated portion of + 
support by welding pressure copy 
energization of the electrodes. 


fusible 


dispersed therein 


2,451,716—Mecuanism For Stup WELp- 

ING GUNS AND THE LIKE 
LaGrange, 
mesne assignments, to National Cylin- 
der Gas Co., Chicago, IIl., a corporation 


2,452,010—WeELDING APPARATUS 
R. Woodward, Pleasant Ridge, \ja 
assignor to Westinghouse Electric Cop 
East Pittsburgh, Pa., a corporatio; 
Pennsylvania. 


-Albert M. 
assignor by 


Iil., 


This patent is on a holder for a sp 
welding electrode and it has a stem and 
socket for the electrode with a recess being 
provided for the socket. The stem y 
socket are connected by a flat resiliey 
current conductor in the recess. 


have them filled. Price $12.50. 


PLACE YOUR ORDERS NOW! 


The 1948 Bound Volume of The Welding Journal will be available within a couple of months. 
However, only a limited number will be prepared so that only those who place orders now will 


This volume is a veritable encyclopedia of information. 
black leather covers and will contain a subject and authors index. 


It will be bound in attractive imitation 


Statement of the Ownership, Management, Circulation, ete. 


REQUIRED BY THE ACTS OF CONGRESS OF AUGUST 24, 1912, AS AMENDED By THE Acts OF MARCH 3, 1933, ANr 
2, 1946 


or THe WELDING JOURNAL, published monthly at Easton, Pa., for 
October 1, 1948. 


State of New York }ss 
County of New York ; 


Before me, a Notary Public in and for the State and County 
aforesaid, personally appeared William Spraragen, who, having 
been duly sworn according to law, deposes and says that he is 
the Editor of Tus Wetpinc Journat and that the following 
is, to the best of his knowledge and belief, a true statement 
of the ownership, management (and if a daily paper, the cir- 
culation), etc., of the aforesaid publication for the date shown 
in the above caption, required by the Act of August 24, 1912, 
as amended by the Act of March 3, 1933 and July 2, 1946, em- 
bodied in section 537, Postal Laws and Regulations, printed on 
the reverse of this form, to wit: 


1. That the names and addresses of the publisher, editor, 
managing editor, and business managers are: 

Nannie of Post Office Address 

Publisher, American Welding Society, 33 W. 39th St., New York 
18, N. Y. 

Editor, William Spraragen, 33 W. 39th St., New York 18, N. Y. 

Managing Editor, William Spraragen, 33 W. 39th St., New York 

18, N. Y. 

2. That the owner is: (If owned by a corporation, its name and 
address must be stated and also immediately thereunder the 
names and addresses of stockholders owning or holding one per 
cent or more of total amount of stock. If not owned by a corpo- 
ration, the names and addresses of the individual owners must be 
given. If owned by a firm, company, or other unincorporated 
concern, its name and address, as well as those of each individual 
member, must be given.) 
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American Welding Society, 33 W. 39th St., New York 18, N.Y 
H. O. Hill, President, 201 E. Goepp St., Bethlehem, Pa 

M. M. Kelly, Secretary, 33 W. 39th St., New York 18, N. Y 
R. S. Donald, Treasurer, 50 Church St., New York, N Y 


3. That the known bondholders, mortgagees, and other security 
holders owning or holding 1 per cent or more of total amount of 
bonds, mortgages, or other securities are: (If there are none 
so state.) 

None. 

4. That the two paragraphs next above, giving the names of 
the owners, stockholders, and security holders, if any, contain 
not only the list of stockholders and security holders as they appeat 
upon the books of the company but also, in cases where the stock- 
holder or security holder appears upon the books of the company 
as trustee or in any other fiduciary relation, the name of the 
person or corporation for whom such trustee is acting, is given 
also that the said two paragraphs contain statements embracing 
affiant’s full knowledge and belief as to the circumstances and con- 
ditions under which stockholders and security holders who do not 
appear upon the books of the company as trustees, hold stock and 
securities in a capacity other than that of a bona fide owner; and 
this affiant has no reason to believe that any other person, asso 
ciation, or corporation has any interest direct or indirect in the 
said stock, bonds, or other securities than as so stated by him 


WILLIAM SPRARAGEN, Editor 


Sworn to and subscribed before me this 25th day of September, 
1948 (Seal) FRANCIS J. MOONEY 
Notary Public, New York County Clerk’s No. 19! 
New York County Register’s No. 1132-\-! 
(My commission expires March 30, 1949.) 
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WELDING RESEARCH COUNCIL 


THE ENGINEERING FOUNDATION 


Sponsored by the American Welding Society and American Institute of Electrical Engineers, 
American Institute of Mining and Metallurgical Engineers, American Society of Civil Engineers, 
American Society of Mechanical Engineers, and Society of Naval Architects and Marine Engineers 


Supplement to the Journal of the American Welding Seciety, January 1948 


Science and the National Welfare’ 


By E. U. Condon? 


OCIETY is at this moment at the threshold of an 
undreamed of mastery of our material environ- 
ment, for science, which provides that mastery, is 

in its Golden Age. 

In particular, achievements in nuclear physics promise 
incredible advances in the years ahead. Energy from 
atomic power plants has been much talked about, but 
ven more important are the tools provided by nuclear 
physics for research in other fields. Radioactive isotopes, 
for example, will permit us to explore the structures and 
onstitution of molecular aggregates, for such isotopes 
can be introduced into a system as scientific detectives. 
They will behave as the usual atoms of the particular 
element behave, but they can be traced and studied by 
means of the radiation they emit. Tracer studies of this 
kind will unravel secrets in biology, physiology, medicine, 
chemistry and metallurgy. 

The combined effect of tracer studies, of a variety of 
sources of radiation, of various sources of high-intensity 
lnghly accelerated subatomic particles, and fundamental 
knowledge of the nucleus means that spectacular ad- 
vances in many fields are at hand. The problem of curing 
fatal diseases will be successfully attacked; fundamental 
biological and physiological processes will be understood ; 
new types of therapy will be developed in medicine; 
better control of intricate chemical manufacturing proc- 
esses will be feasible; new products, like petroleum fuels 
and metals with unusual properties, will be possible; and 
even new forms of plant life can be created. The speed 
with which these possibilities are realized depends 
primarily on how much effort we put into such activities. 
For there is no question that the impetus of the new 
knowle dge in nuclear physics, in conjunction with steady 
advances in other fields of science during the last 50 
years, means a general efflorescence of the physical and 
life sciences. 

But if we are to profit from this happy situation, there 
are major problems to be solved, and their solution will 
not wait. From one point of view life today is a race, a 
race between knowledge in the physical sciences which 
gives material mastery and general ignorance which 
retards or rejects mastery of our environment. Rejection 
means no more and no less than destruction of civilization 
as we know and cherish it. 


* An address delivered before the American Council of Commercial Labora- 
tories, at the Statler Hotel, Washington, D. C., Dec, 8, 1947. 
t Director, National Bureau of Standards. 


The problems confronting us, approaching them from 
the standpoint of the sciences, exist on several planes—two 
in particular: the specific problems of science as science, 
and the question of these sciences in relation to the other 
activities of man.. 


Problems of Science 


The problems arising within the sciences themselves 
are extremely practical ones, and on the whole they are 
not complex. Several axioms are at once apparent. 
First, science is universal. Secohd, science is unlimited 
in its material. Third, the rate of scientific progress de- 
pends on the amount of effort put into science. These 
axioms are important; they mean that no individual and 
no nation has a monopoly in science, that science affords 
an inexhaustible mine of valuable knowledge and dis- 
coveries and that we must be willing to support science 
appreciably if we expectsto gain heavily and to maintain 
leadership. 


The Steelman Report 


A comprehensive and cogent analysis of the problems 
of science is to be found in Dr. John R. Steelman’s report 
to the President, ‘“‘Science and Public Policy.”’ Taking 
into account the three major groups engaged in research 
and development activities—the universities, the in- 
dustrial laboratories and the Federal research agencies— 
Dr. Steelman points out that each of these groups is 
“especially adapted to the performance of a particular 
type of research and each can make a unique contribution 
to our total research and development effort,’’ with uni- 
versity emphasis on basic research, industry on develop- 
ment and government laboratories engaged in both. 

As a “basis for our progress against poverty and 
disease’ and as the basis of national security, the Steel- 
man report analyzes the present scope of our scientific 
effort, the deficiencies now present and the needs in terms 
of a broad program. The main recommendations of the 
Steelman report are eight in number, and I would like to 
discuss them briefly. 

1. It is recommended that expenditures for research 
and development be expanded as rapidly as facilities and 
trained man power can be provided. A suggested goal is 
that by 1957 1% of the national income should be ex- 
pended in research and development in university, in- 
dustry and government laboratories. 
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The report shows that a little over 1.1 billions are competence of the leaders of such programs, and th 
being spent this year for research and development, ex- trust must be maintained for a sustained perio: s 


of tj shought 

cluding the social sciences. With a national income of 200 It is characteristic of most fundamental res a ad 
billion dollars, this is an expenditure of little more than several years are required for the completion of any worl a havé 
'/x%. Only about 110 millions, or less than 10% of the of importance and that the end result may be difficult ¢ 4 theor 
total, is spent for basic research. Almost half—that is evaluate by anyone except specialists. What, fo; er chat ba: 
460 millions—enters into the development of military ample, is the cash value of Einstein’s discovery of JMB Jn at 
weapons and needs, not including the amount spent for relation E = mc?? No doubt it is an astronomicallly Jarl oenden 
atomic bomb development now considered to be a value now. But what was its worth at the time of sd iasic ki 
civilian activity. formulation? And who was qualified to make th contrib’ 
2. It is recommended that heavier emphasis be placed evaluation? The point simply is this: Pure knowledgellll ond Szi 
in the future on basic research and on medical research. cannot be evaluated in cold cash, and pure knowledge ig were ck 
More specifically, it is recommended that the total re- independent of such evaluations. eadar | 
search and development budget be doubled, coinci- Unfortunately, appreciation of this fact is not as wide. \atter | 
dentally quadrupling basic research activity and tripling spread as it should be, which suggests the story of tyolll way to 
research on health and medicine. partners who had long operated a chemical manufactyy. jn micr 


3. It is recommended that support for basic research ing business. They finally decided to employ a research 
be provided by the Federal Government at a progres- chemist. Along about 11 a.m. of the first day of his ex. fam Rese” 
sively increasing rate, reaching an annual rate of 250 ployment, one partner said to the other, ‘Shall we go se Still 


millions by 1957. The present rate of total expenditures whether that research chap has discovered anything” ff have | 

for basic research is 110 millions while quadrupling would ‘‘No,”’ replied his partner, ‘‘It’s a little too soon. Let's represt 

require 440 millions; so that this proposal leaves ample wait until after lunch.”’ ment 

scope for large scale and expanding support of basic re- for syt 

search by private groups and state hoe sessed Zones of Danger and Weakness availal 

4. Itis recommended that a National Science Founda- One of the dangers facing us in the present situation js Mf not so 

tion be established with a Director appointed by and re- overconfidence. The United States has led the world inf were c 

sponsible to the President to administer the program of technological progressiveness and in the techniques of fof syn 

grants in support of basic research. It is also recom- mass production. We are, without question, the most Mf were ( 

mended that the Director have a board of advisors half of | powerful nation in the world. In these very facts lies the [if these, 

whose members should come from Government labora- essential danger, for overconfidence is a product of pre-{fof the 

tories in order to provide for proper correlation of the cisely this set of circumstances. [Illustrations of pride devel 

work with that of the Government laboratories. preceding fall fill the pages of history, and civilization ff the G 

5. It is recommended that a program of Federal after civilization has perished in this fashion. We need {MM on thi 

scholarship aid to university students be developed in glance backward no farther than the recent war to see at by t 

order to provide for the proper training of the increased once scientifically sophisticated power lose leadership and J Nitril 

i number of scientists ngeded and that this program be a_ initiative: Germany. For many years, during the latter JJ (unde 

3 part of a general program of assistance to university half of the 19th Century and the early 20th, science in J all th 
FE students in all fields of interest. Germany was in a position of international prominence, J 80% 
ie 6. It is recommended that suitable Federal assistance and yet we now know how misguided and superficial were J not o 
is be given to colleges and universities in developing their their efforts in the direction of atomic energy. I believe No 
a scientific research facilities and that this should be ad- that two factors were at play here: First, the Naz jj probl 
Aes ministered as part of a broad program of aid to universi- leaders eliminated the truly first-rate scientific leaders and J invol 
= ties in all fields. installed second-rate party men in positions of scientific J is act 
7. It is recommended that*the work of the several leadership. Second, there are obvious evidences of over- J prod 
; Federal research establishments be better coordinated confidence on the part of the scientists as well as the §J even 
ty by the establishment of an Interdepartmental Science nation in their scientific ability and achievement. Thus, @ theti 
- Committee, by a coordination of all scientific research after the revelation of our work in atomic energy, we liad J of th 


programs through the Bureau of the Budget, and by the _ the spectacle of, first, the German refusal to believe that J the 
assignment of a member of the White House staff to de- accomplishment, and second, childish attempts to pre- J mod 
vote himself to problems of liaison at the top policy level tend that they had not wanted to develop an atomic bom) § reas 


of the Federal Government. but that they really had progressed in atomic research J is ob 
8. Lastly, it is recommended that aid to the recon- and that their researches were to be devoted to peacetime T 
struction of European scientific research be made part of uses. The rationalizations would be merely amusing wer J acti 
our European Recovery Program. This recognizes, first, they not also sardonic. they 
that science is universal in that its truths are part of the Again, we have the spectacle of England’s dilemma 1 @ Fro: 
universe accessible to all investigators; second, that we thiscentury. Prior to the 20th Century, the English liad § ity, 
gain as much by original discoveries made elsewhere as by led the world in technology, one of the consequences i & of r 
those which we make and, third, that the progress of other their early industrialization. This leadership had lulled 3as 
nations in science and technology is necessary if they are the British into accepting this pre-eminence almost as ¢ @j rub 
to becomne self-sufficient again. law of nature, and progress in modernization of facilities J nee 
The program outlined in the Steelman report is and in mass-production technique was not pursue! @ nov 
splendidly conceived, and every point is vital if we are to vigorously. The result was that England fell bein @ rem 
live up to the responsibilities with which we are con- Germany and the United States. A reluctance to accep!  ass« 
fronted by our good fortune in natural resources and © scientific advances, in the face of obsolescence, is thus I 
freedom from war devastation. dangerous. gra 
One of the great difficulties about a major program of The obvious lessons of the past, as far as science 1s col § ad\ 
expenditures on basic research is that it is so difficult to cerned, indicate that competent leadership must be du 

explain to an appropriations committee—and even to fostered in science—remember that for every thousai¢ @ in 
management in private business—precisely what the scientists adequate to contribute in a rather routine wa) @ Th 
program will accomplish with that degree of definiteness there is only one with great and inspiring creativ’ @ pet 
expected and demanded in other fields. It is necessary to ability—and we must never take for granted iutur ™® ol | 
entrust funds for research programs on faith, on the achievements on the basis of past performances. Ths J thi 
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sought leads to another danger confronting us: As a 
nation we have been outstanding in applying science; 
«e have not been oustanding in basic scientific discoveries 
-theory. If we are to attain our goals, it is imperative 
that basic research be supported on a large scale. 

"In atomic energy, for example, we were essentially de- 
sendent upon the work of European scientists for our 
basic knowledge, and European scientists in this country 
ontributed heavily to our success, in particular Fermi 
and Szilard. Again, during the first half of the war, we 
were dependent on British research and development in 
dar for our own program, and it was not until the. 
atter portion of the war that we contributed in a basic 
way to this field. Then our contributions, particularly 
in microwaves, were significant. 


Research in Rubber 


Still another field, vital to our economy, in which we 
have been dependent on European research is rubber, 
representing in the recent conflict a vast Federal invest- 
ment second only to atomic energy and radar. The need 
for synthetic rubber during the war, as a result of the un- 
ailability of natural rubber, is well known. What is 
not so well known is that the synthetic rubbers we used 
were developed largely by the Germans... The four types 
f{ synthetic rubber which we produced during the war 
were GR-S, Neoprene, Butyl and the Nitrile rubbers. Of 
these, only Neoprene is purely American, a development 
{the DuPont Company. Butyl is partially an American 
development, for it constitutes a radical improvement of 
the German material polyisobutylene, yet it was based 
on this German work. Fundamental patents were taken 
by the Germans on the remaining two types—the 
Nitriles (under the German name Buna-N) and GR-S 
under the German name Buna-S)—1in the early 30’s. Of 
all these rubbers, GR-S is the most important: more than 
80% of our total production was of this type because it is 
not only cheaper but best for tires. 

Now that natural rubbers are again available, the 
problem of what to do with the synthetic industry, which 
involved a Federal investment of more than $700,000,000 
isacute. This industry will be called on for only limited 
production, primarily to insure plant potentialities in the 
event of any future emergency and to provide the syn- 
thetic product for certain applications. The magnitude 
of the investment, the size and scope of the plants, and 
the relations between the synthetic and natural com- 
modity are major commercial problems. For this very 
reason, the need for continued research and development 
is obscured. 

The National Bureau of Standards has long been 
active in the research and development phases, both as 
they pertain to synthetic rubbers and natural rubbers. 
From the standpoint of the national economy and secur- 
ity, it is necessary that a major and coordinated program 
of research and development be maintained in this field. 
Basic research is necessary if new types of synthetic 
tubbers are to be developed; developmental research is 
needed to develop desirable characteristics in the rubbers 
now available, to determine their properties. Much also 
remains to be done in measurements and instrumentation 
associated with the synthetic rubbers. 

In the future this country must have a vigorous pro- 
gram of rubber research to maintain ‘‘a technologically 
advanced and rapidly expandible domestic rubber-pro- 
ducing industry” as part of our national policy outlined 

in the Crawford Act (Public Law 24, 80th Congress). 
rhe cost of such a program would involve an annual ex- 
penditure of about 4 million dollars, which is less than 1% 
ol the amount spent for the 1 million tons of rubber that 
this country consumes annually. Industry should expend 
4 corresponding amount for the development of new 
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rubbers, in addition to its expenditures for research on 
end-products. 

The cost of such a program is really relatively small in 
terms of the value of the commodity and in terms of its 


national importance. Merely to maintain the present 
synthetic plants in a stand-by condition involves an 
annual expenditure of over 8 million dollars, and these 
plants may well be obsolete at the time of another 
emergency; so that a federal expenditure of half this, 
to insure our future in this field, is, from any practical 
point of view, trifling. 


Research in Optical Glass 


A comprehensive and broad program of research in the 
field of synthetic rubber is a matter of national wisdom, 
and similar programs are needed in other fields, may of 
them not of such vital concern on the surface. For 
example, a national program of basic research on optical 
glass is a primary desideratum, and yet the thought of the 
importance of optical glass is not likely to occur to those 
not engaged directly in military problems because the 
annual requirements of this country for precision optical 
instruments for civilian purposes during a period of peace 
are almost negligible when compared with the demands 
made upon our industry by our military agencies during 
war. 

Here is a field in which we were long dependent on 
European developments. Prior to the first World War, 
all optical glass used in this country was imported from 
abroad. It was during this period, under the sponsorship 
of the Navy, that the Bureau started experiments on the 
production of optical glass and succeeded also in fulfilling 
military requirements during that conflict, but this was 
possible only because the United States did not enter the 
war until the fighting in Europe had been going on for 
over two years. In the years between World War I and 
World War II, experimental work was supported at the 
Bureau by the Navy Department as a hedge against any 
future emergency, and the foresight of the Navy Depart- 
ment was amply rewarded in the recent conflict, for not 
only were satisfactory types of glass available as a result 
of prior experimentation but actual production in this 
entergency period was necessary by the Bureau, attaining 
a peak of 236,000 Ib. in 1943. Moreover, the Bureau was 
able to train industrial engineers and technicians so that 
their plants could enter into the production of this 
specialized kind of glass and assistance was rendered to 
other branches of the military establishment. 

If we are to be again prepared for future eventualities, 
a program of research and experimentation must be main- 
tained. Stockpiling of optical glasses is not a solution, for 
stockpiles tend to maintain the status quo, saddling the 
military services with obsolete instruments and making 
the introduction of better glasses and instruments diffi- 
cult. Asa general rule, with valid exceptions only in the 
case of basic raw materials, stockpiling is futile for it 
tends to hinder progress. 

A progressive research program is the only sensible 
solution, involving the development of new types of 
optical glass, analysis of the chemistry and physics of such 
glasses, the development of new and more efficient 
methods of making and processing optical glass, the in- 
vestigation of new optical materials for such systems as 
the ultraviolet and infra-red, studies of polished surfaces 
and the development of control methods in production of 
highly precise optical components. 


Research in Buildings and Structures 

Finally let me mention a field somewhat removed from 
pure science and related more to applied science and en- 
gineering: building technology. The need for research 
in this field needs no stressing in this critical period of 
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housing shortages, but it is significant to note the tech- 
nical reasons behind our apparent backwardness in this 
field. In almost every field where American science and 
industry have teamed together to produce spectacular re- 
sults, production has involved a centralized operation— 
for example, the production of automobiles, tires, type- 
writers and soon. In the building industry, however, no 
single firm has specialized in the production of a building 
as such, and practically every material and product 
known enters into a completed structure. In each of the 
fields supplying components for a building, research has 
been done, depending on various conditions, too many to 
outline here, and varying tremendously in extent and 
scope. No one, on the other hand, has attacked the 
problems from an integrated point of view, with the single 
exception, to my knowledge, of the work of the Bureau of 
Standards in building materials and structures. 

Even here, as a result of the extremely limited funds 
granted for this purpose, the attack has been on a fela- 
tively small scale. Recently all of the sections engaged in 
this type of work at the Bureau have been unified into a 
consolidated Building Technology Division, and an 
accelerated and coordinated program is underway. 
Groups are engaged simultaneously in investigations of 
the properties of materials: structural strength; fire 
resistance; acoustics and sound insulation; heating, 
ventilating and air conditioning; durability and the 
exclusion of moisture; building and electrical equipment; 
and other projects. 

Unified scientific research in other fields of industry has 
been responsible for productive results, and it is reason- 
able to assume that the effect of this approach, applied 
generally throughout the 10 billion dollar construction in- 
dustry, will achieve similar results. 


Science and Man’s Other Activities 


Even these few illustrations indicate that science does 
not function in a vacuum, divorced from everyday life. 
It is a pre-eminently practical thing, dealing with crucial 
problems affecting industry, business, the nation and the 
world. It costs money and it demands the efforts not 
only of scientists but every segment of our population. 
Too often science is pictured as an “ivory tower”’ affair 
with no or little relation to reality. On the contrary, it 
is concerned immediately with the nature of the universe. 
It is the cause of our industrial economy, and it operates 
within the full context of social existence, and it deals 
with practical problems as much if not more than with 
theoretical ones. One of the discouraging attitudes 
widely prevalent in the contemporary world is the high 
regard placed upon what is called ‘‘practical’’ and the low 
esteem granted the “‘theoretical.’’ In point of fact, the 
two differ only in time, relative to application; and pure, 
fundamental knowledge precedes applied knowledge. 

The operations and progress of science can therefore 
be understood fully only in terms of the framework of our 
general society and in relation to the other activities of 


- man. This context is particularly significant when we 


consider that science has now placed in our hands tools 
that are equally potent for good or evil. I have been 
talking, for the most part aboat the good, but actually 
the potential evil is more important because—of what 
value is this growing potential of good if science is used to 
destroy the civilization from which it has sprung? 

It is fashionable to cry down the so-called pessimist 
who suggests this dangerous possibility, partly because 
no one loves a pessimist, partly because man is largely a 
hopeful creature with a belief that at worst he will muddle 
through and largely because the dangers are difficult to 
group and appraise as a consequence of the staggering 
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difference in kind and degree of present dangers jy the 
form of scientific warfare. It is sufficient to say fo; my 
purposes that science has presented us with several weap. 
ons each of which unleashed can mean almost total, if 
not total, destruction. 

The question then is how to prevent such a situation 
The answer is not to be found in the physical sciences 
It is to be found in other realms of man’s activity—iy 
economics, in sociology and in political science. Man’, 
conduct in the physical sciences is rational; in thes 
other fields it is largely arbitrary. 


Research in the ‘Humane’ Sciences 


It is often said that man’s social irrationality is a cop. 
sequence of the fact that economics, sociology and po. 
litical science are not sciences, that they are merely inqj- 
vidual judgments and personal opinions. Now this js 
palpably untrue even at present, for much is known about 
cause and effect in these fields, and such statements are 
made only because habit, custom, tradition and heritage 
tend to make us cling to whatever we know rather than to 
re-examine the data, coolly and critically. So far no 
readily demonstrable experiments exist in what [| shall 
call the “‘humane’’ sciences as exist in the physical sci- 
ences. 

Admittedly, these humane sciences are younger than 
the physical sciences. Moreover, the variables to be ac- 
counted for are vastly greater than those we deal with in 
the physical sciences. But these are not adequate rea- 
sons for belittling the humane sciences and denying them 
support. On the contrary, these are compelling reasons 
for supporting them, and the present state of civilization 
demands that they receive this support. As a matter of 
fact, since the physical sciences have outstripped man’s 


of the utmost urgency that we attempt to forge ahead in 
the humane sciences lest all be lost. 

And this is the time for intensified activity in these 
fields, not only because of the urgency of our need but be- 
cause now the physical sciences have two tremendous 
tools to contribute to the humane sciences, tools that will 
permit scientific analysis of data having a large number 
of variables. 

The first of these tools is statistics which provides the 
theoretical, mathematical basis for analysis, the mathe- 
matical techniques for handling data and the criteria for 
evaluating results. Mathematical statistics is now a sub- 
stantial and well-developed discipline, and it does, 
fact, offer these tools. Automatic electronic computing 
machines, on which many laboratories and companies are 
at work, constitute the second tool shortly to be available 
to the humane sciences. These machines will permit the 
handling and analysis of data, rapidly and comprehen- 
sively. Until the present one of the major problems 
fields where vast amounts of data are obtained has been 
the handling and classifying of the data. Literally thou- 
sands of man-days are needed in even relatively simple 
problems. This means that research is expensive, and 
the humane sciences have not usually been able to afford 
such luxuries. As an example of the labor involved im 
handling data of this type consider a relatively simple 
problem. At the present time, a typical census problem 
involving 100,000 pairs of five-digit numbers, represett- 
ing statistical data, takes approximately 12 working days 
exclusive of card handling and data punching. An clec- 
tronic digital machine will handie the same sequence !! 
10 minutes at the most. 

The Steelman report does not consider research in the 
economic, social and political sciences. The study of the 
physical sciences in itself was a major effort, requiring 
five volumes of summary findings. It is to be hoped, 
however, that a similar analysis of the humane sciences 
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jj be made in the near future and that a program for 
bose sciences will be mapped out and implemented. 


earch in the “Mental” Sciences 


Just as there is a disparity in the evaluation of research 
tween the physical and the humane sciences, so, too, 
ere appears to be an analogous disparity in the attitude 
{most people toward research between the medical and 
he “mental” sciences. Like the physical sciences, the 
edical sciences produce what are called ‘‘tangible’’ re- 
ijts—for example, now drugs, now clinical techniques 
ind so on. Like the humane sciences, the mental sci- 
nces do not appear to produce materialistic results, and 
ave suffered similarly in the support granted them for re- 
earch. This, too, is a situation that needs remedy. 
esychology, psychiatry and psychoanalysis are disciplines 
ertinent in the solution of current problems. Aside 
tom the statistical fact that 3 out of every 7 beds in the 
hospitals of the United States are occupied by the men- 
wily il—a vast drain in terms of lost man power and 
»st—and that untold numbers of borderline cases per- 
meate the entire social structure, we need to know more 
shout the workings of the mind. For there is little doubt 
hut that nonevident factors affect human behavior pro- 
jundly, factors like frustrations and fears. 

These factors affect every activity of man, his personal, 
gcial, political and even scientific life. From the stand- 
pint of science, we can say not only that science affects 
ndividuals and nations but that these individuals and 
mtions affect science. Even from this restricted ap- 


proach, then, what has happened or happens to men’s 
minds and spirits is of interest if we have scientific objec- 
tives in view. We have seen how entire nations have ap- 
parently succumbed to a schizophrenia that has led to the 
espousing of mad, undemocratic, bestial beliefs. We 
have seen at least one nation despoil its scientists as a re- 
sult of such an aberration. 


Compartmentalization in the sciences and in other 
fields is inimical to a coordinated attack on the problems 
of man. This compartmentalization is actually breaking 
down in the sciences. The distinction between chemistry 
and physics, for example, has almost vanished. Com- 
petent research in the social sciences now depends on 
mastery of mathematics, and on the utilization of the 
electronic tools. The complexity of modern life depends 
on specialization for progress in particular fields but, for 
over-all progress and for a solution to the dilemma of un- 
balances, integration and coordination are essential. In 
short, education of a comprehensive nature, embracing 
many fields, is needed for the survival of our civilization. 


The sciences, like those other truth-seeking activities of 
man, require a free environment, an environment above 
all free of fear, petty arbitrariness and tryanny. The 
pursuit of the sciences is fundamentally nothing more or 
less than the pursuit of truths. In the last analysis, all 
of man’s activities are subservient to what happens to his 
spirit—to his spiritual welfare, ‘‘For what shall it profit a 
man, if he shall gain the whole world, and lose his own 
soul?” 


Pressure Vessel 
Research 


Introduction 


pressure vessel manufacturers, users of pressure 

vessels and several engineering societies’ com- 
mittees, the Welding Research Council has organized a 
large and active project’ of research relating to pressure 
vessels. The principal objective of the Pressure Vessel 
Research Committee is to develop information and data 
which will lead to better, safer and more economically 
constructed pressure vessels. Materials-suppliers, manu- 
iacturers and users of pressure vessels, insurance com- 
panies and several branches of the government, are co- 
perating in the research on these problems. 

In order to thoroughly represent all of the interests 
involved, it was necessary to appoint a very large Main 
Committee, some 90 in number. The work was divided 
into four branches of activities covering Materials, 
Design, Fabrication, and Testing and Inspection. Each 
of these divisions has an appropriate committee and 
active programs are already under way or contemplated. 

_ The annual budget of $75,000 was approved and has 
deen largely financed by interested users and manufac- 
turers of pressure vessels. Additional funds are needed 


N rss upon the request of a large number of 


to complete the financing of the programs already laid 
ut and to permit the committee’s operations to be ex- 
tended to additional important fields that await the out- 
come of this financing. 

It is important that this concerted effort be made now, 
hot only to make up for the loss of study-time during the 
recent war, but also to take full advantage of the newer 


materials, higher design stresses and improved produc- 
tion techniques that are at hand. 


Materials Division 


It is recognized that present specifications do not 
adequately cover the requirements of steel for important 
structures, such as pressure vessels. It may eventually 
be necessary to differentiate between steels used for high 
temperature boilers and steels used for unfired pressure 
vessels subjected to low temperatures. The committee 
has for its objective the development of information 
which will lead to better specifications and materials 
better suited for various types of pressure vessels. 
While early work will be in connection with plain-carbon 
steels it is hoped that the investigations will be extended 
to alloy steels and to nonferrous metals. The committee 
is devoting its first attention to critically reviewing 
existing information not only in the literature but in the 
vast number of reports issued during the war as a result 
of governmental and other researches. Careful pro- 
grams of research will be planned to avoid duplicating 
existing information. Work will be correlated with in- 
vestigations under way by the steel manufacturers and 
large fabricators. 

All of this work will be carried out against a back- 
ground of several hundred thousand dollars worth of 
research carried out by government agencies and other 
committees, of the Council and other bodies and corre- 
lated with other fundamental work now underway on 
the plastic flow and fracture of metals. Necessary speci- 
fication and research tests will be devised. 


Design Division 


Highly complex formulas have been developed for the 
design of different types of heads for pressure vessels, 
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openings, supports and the like. Many of these formu- Inspection and Testing Division 

las give widely different answers. They cannot all be 

correct. Basic information which will be developed by 

the committee will not only enable designers to calculate The work of this Committee will be used largely 4 

suitable thicknesses of materials for heads, reinforcement supplement the work of the other divisions, and j¢ y; 

of openings and connections, but the information will eventually result in better and more adaptable method 

give the necessary background to enable code-making of inspection and testing in routine production anq 4) 

bodies to modify their rules to insure safe and economi- im research projects. The present routine methods. | 

cally constructed pressure vessels. In expensive mate- imspection are being analyzed to determine their practi 

rials such saving amounts to hundreds of thousands of usefulness with various types of construction. The », 

dollars. In other instances where failures are costly to sibility of applying any of the newer inspection methog 

both human life and property, the value of such work not officially recognized at present is being fully explored 

cannot be overestimated. A careful survey of existing The investigations of the Comittee will include not onjj 

information has already been made. the methods of inspection and testing that may apy 
The designer should know how much plastic stretch to routine production of pressure vessels but also 

occurs at critical localities in pressure vessels of various complete investigation of the various methods and pry 

designs under the test load and under the operating cedures, their limitations and suitability for varioy 

loads. In order to determine whether or not this is types of research work. 

serious, he should know how much plastic or permanent 

deformation is permissible for the steel considered with- 

out harmful effect on the behavior of the vessel in service. Central Office 

He would then rearrange his design and transition details 

so as to bring the expected actual deformation within 
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the safe range. ” The work of such a large committee as the PressyqmsA-E- 

Design formulas now use factors of safety to compen- Vessel Research Committee requires special consider gh 
sate for lack of knowledge. Tests on full-scale vessels tion, and accordingly a separate office has been set up af Fectiv 
will establish knowledge of what takes place in a vessel 30 Church St., New York 7, N. Y., and a competenffiiirally | 
when its material is stretched to excess. Such tests Executive Secretary and staff are devoting full time t rial @ 
should also show when some common forms of details now _ promote progress, correlate the work and furnish informa ae 
widely used will have dangerous stress concentration, tion as may be needed by the committee. : The 
and whether the operating temperature to be expected is Hon the 
within the safe operating range for the conditions of ‘ wee 
strain imposed in service. 

The selene of how far plastic stress can go with- Finances — 


ress t 


out causing a service fracture is a prime incentive for 
research. The Design Division’s Program is initially 
planned for tests on metal vessels, principally steel, 
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Cooperative research of this type has three principa 


starting with sound commercial carbon steels that are ad ~§ 
now recommended for use in pressure vessels. 1. It permits the bringing together of diversifiedjMrittle 

scientific talent needed for the solution of Sa 
complex metallurgical and mechanical 
Fabrication Division P ton te 


lems. . 
2. It permits the distribution of the cost among 


In fabricating pressure vessels the material is sub- those benefiting in the results, including {ab- 


jected to mechanical working hot and cold, and in welding ricators and users, so that the burden on any 
to certain thermal cycles. The effects of these processes one company is small. 

on the physical properties of the materials used particu- 3. It avoids unnecessary duplication of effort and by 
larly as to their useful service life in a pressure vessel, suitable educational programs and represents- 
have not been scientifically assessed. It is the purpose tion on committees assures that the results 
of the Fabrication Division to secure such information, obtained will be available to all of industry, as 
which will enable code-making bodies to formulate rules well as code-making bodies. 

for the selection and procurement of steels, and to cor- as 
rectly assign values of safe design stresses without un- Cooperators share not only in the benefits of the 


necessarily penalizing the fabricator and the eventual specific researches of the Pressure Vessel Committee but 
purchaser of the pressure vessel. In other instances, the also receive the reports of all of the research committets 
actual safety of the pressure vessel may be at stake. It of the Welding Research Council. 
is hoped that some of the practices and precautions which The annual program for the first few years will be a 
are now specified because of incomplete knowledge, can the order of $75,000, but it is hoped that this work wil 
be eliminated or modified. Thus, there is every reason be expanded to about double this amount. Contributions 
to believe that this program of research will result in from interested companies and organizations are ear 
reaching the basic objectives of the committee, better, estly requested. Checks may be made payable 
safer and more economical pressure vessels. Welding Research Council and sent to 29 W. 3th 5t, 

The preliminary programs are designed to deal with New York 18, N. Y. Being a nonprofit tax-exemp! 
the effects of cold working on different types of steels and organization, contributions made to the Council at 
the behavior of such steels at different temperatures asa deductible by the donors in arriving at their taxable n¢ 
result of these processes. Future work will superimpose income in the manner and to the extent provided b) 
the thermal cycles of welding including also preheating Section 23 (0) and (q) of the Internal Revenue Coc 
and postheating. and corresponding provisions of prior revenue acts. 
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The Effect of Combined Stresses on the 
Transition Temperature for Brittle 
Fracture 


By C. W. MacGregor? and N. Grossmant 


Abstract 


Bending tests conducted on §S.A.E.-1020, S.A.E.-1045 and 
: 4 £.-4140 steels at different temperatures and at various constant 
¢rain rates have demonstrated that a single type of notched bar 
rill show the same brittle transition temperature at the same 
fective strain rate as a circular disk freely supported and cen- 
sally loaded when constructed from the same material. The ma- 
wrial affects the brittle transition temperature, but not the cor- 
elation between the notched bar and disk which is thus indepen- 
ent of it. 

The effect of the ratio of combined stresses (i.e., constraint) 
n the brittle transition temperature has been determined quan- 
itatively for S.A.E.-1020 steel. It is shown that at the same 
fective strain rate, the transition temperature is raised through 
s broad range of temperatures in passing from a uniaxial state of 
tress to a biaxial stress condition having equal tensile stresses at 
right angles. An intermediate stress condition is included where 
the ratio of transverse to longitudinal stress is 0.560 which is pro- 
iced in a centrally loaded rectangular plate simply supported 
long the short sides. A notched bar is also determined which 
wrelates with the rectangular plate as regards the transition to 
rittle fracture. 

These tests have shown the feasibility of general correlation of 
properly notched bars and’structures or machine parts for transi- 
tion to brittle fracture. 


Introduction 


HE recent brittle fractures which have occurred 

in ships, in other structures and in machine parts 

have brought into sharp focus the need for quan- 
titative information on the effects of both mechanical 
iid metallurgical conditions on the brittle fracture of 
metals. The designer needs such quantitative informa- 
tion so that he can take proper steps to avoid the com- 
dination of circumstances which may lead to a service 
lailure. 
_ Before a completely satisfactory knowledge of the 
iracture problem is achieved much investigative work 
las yet to be carried out. For example, further detailed 
studies of brittle fracture as affected by crystalline struc- 
ture, metallurgical composition and heat-treatment, stress 
ind strain history, size of part, time at temperature, etc., 
will have to be undertaken. Mechanical conditions for 
brittle fracture relating stress, strain, strain rate and 
temperature will have to be developed. It may thus 
take many years, probably decades, before sufficient 
ilormation is available for the complete solution of ‘this 
problem. 
_In the meantime, however, the designer requires suffi- 
‘lent information which will assist him in avoiding brit- 
le failure. It was with the object in view of supplying 


* Submitted for publication Oct. 30, 1947. 
+ Department of Mechanical Engineering, 
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the designer with such practical and useful information 
that a study' was begun some time ago at the Massa- 
chusetts Institute of Technology. The independent 
composite factors determining brittle failure were con- 
sidered to be(a) material, (b) testing temperature, (c) veloc- 
ity of deformation (strain rate) and (d) constraint (state 
of stress). It was shown, for example, that a notched 


, bar could be determined which would have the same 


ductile to brittle transition temperature as another 
structure (a circular disk, freely supported and centrally 
loaded) of entirely different shape but of the same ma- 
terial and for the same deflection velocity (strain rate). 
Thus a correlation was established as regards the transi- 
tion to brittle fracture between the circular disk and a 
bar properly notched and bent as a simple beam under a 
central load. The material was $.A.E.-1020 mild steel. 
If it would be possible, in general, to substitute a notched 
bar of proper proportions for each of the more common 
structural shapes or machine parts, at least as far as the 
transition to brittle fracture is concerned, practical in- 
formation would be obtained from notched-bar tests of 
direct use to the designer. The method by which this 
information could be used in a given design was discussed 
previously. ' 

This preliminary study has now been extended and it 
is the object of the present paper to discuss: (a) the cor- 
relation between the circular disk and the notched bar 
for other materials as regards the transition to brittle 
fracture (i.e., whether the correlation obtained previously 
depended upon the material or upon the geometry alone), 
(6) the extension of the correlation to some other simple 
structures and (c) the quantitative effect of the ratio of 
the combined stresses on the brittle transition tempera- 
ture. : 


The Velocity-Temperature Relation 


Experiments have shown that the testing temperature 
and the deflection velocity or strain rate can be closely 
correlated. When the entire temperature-velocity range 
is considered, use may be made of the velocity-modified 
temperature concept.?~* For experiments involving 
brittle fracture preceded by little or no plastic flow and 
conducted well below room temperature as in the present 
case the relationship is 


) 

lo s=C- 

RI 

where 6 is the deflection velocity, Ca material constant, 
Q the heat of activation of the material, R the molal gas 
constant and T the absolute temperature of testing.‘~* 


(1) 


7T-s 


| 
‘ 


Table 1—Chemical Analyses of Materials 
Mn P Ss Si Al Ni Cr Mo Cu N 

0.44 0.022 0.030 0.17 None None None None None 0.0105 

0.83 0.015 0.032 0.15 None None None None 0.09 0.0045 

0.87 0.018 0.025 0.30 0.18 0.84 0.20 z. 0. 0050 
With a given material and system of constraint a straig) 
; line is obtained if the logarithm of the deflection velogit, 
— is plotted vs. the reciprocal of the absolute temperaty; 
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of testing. This property is utilized in the present jp 
vestigation. 


Materials Tested 


Three types of steels were used in this study, name) 
S.A.E.-1020, S.A.E.-1045 and S.A.E.-4140. They were 
supplied in 3-in. round hot-rolled bar form. The chemj- 
cal analyses are given in Table 1. 

The heat treatments for the individual steels are as fo}. 
lows: 

S.A.E.-1020.—The bar was cut into sections about § 
in. long, annealed at 1650° F. for 2 hrs., and slowly cooled 


in the furnace. A hardness survey across the surface 


gave an average hardness of 76 Rockwell B in the as 
received condition and 70 Rg, in the annealed condition 


Fig. 2—Photomicrographs of S.A.E.-1020 Steel Used in Tests 
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= se variation in hardness across the surface was not 
voreciable. The specimens were machined from the 

nealed bar stock. 

4.F.-1045.—All specimens were annealed at 1475° 

for | hr. per inch diameter (3 hr. for a bar section) and 


within the temperature range available with the equip- 
ment. For improved testing technique, however, it was 
decided to resort to further grain coarsening, making 
tests at higher temperatures possible. 

The specimens used in the final tests were heated to 


0 po ‘ss furnace cooled. The hardness of the bar was 92 2000° F. and kept at that temperature for 4 hr. followed 
‘eae P, as-received and 90 Rs in the annealed state. The -by aslowfurnacecool. The specimens were machined to 
was of nearly uniform hardness across the surface. size following this final heat treatment. The average 
S$ A.E.-4140.—The specimens were cut to approxi- hardness of these artifically coarsened specimens was 
; nate size from the stock as received. These semifinished 92 Rs. 
Straight .cimens were heatéd in the furnace to 1550° F. This The locations of the specimens in the 3-in. bar are 
1 Velocity pmperature was reached in 1 hr. and 35 min. The shown in Fig. 1. 
‘peraturdll ocinens were kept at 1550° F. for half an hour, then The photomicrographs of the metals tested are pre- 
sent ing enched in oil and allowed to cool to room temperature — sented in Figs. 2-4, inclusive. 
1 the oil bath. Care was taken not to cool the furnace 
juring the quenching operation; thus, the first specimen 
as quenched from the same temperature as the last one. Apparatus 
The specimens were drawn at 1200° F. and were allowed 
lo soak at that temperature for about 1 hr., followed by a The testing equipment is designed to load a specimen 
» Hamely@ow furnace cool. The average hardness upon quench- in simple bending at a given uniform speed and tempera- 
hey were ng was 52 Re, and 33 Re after drawing. ture and to supply a load-deflection record of the test. 
le chem}. This steel did not become brittle at the lowest tempera- AB-7, SR-4 electric strain gages connected in a bridge 
_. Bure available with the testing equipment (—290° F.); circuit are used to measure both the load and deflection. 
TC aS loll herefore, the grain structure was artificially coarsened to The integral parts of the apparatus include the loading 
f Bake the material suitable for the desired tests. machine with strain gages, the thermocouple and milli- 
haya: As a first trial the specimens (which were already voltmeter, stop watch, electronic recorder and a still 
af led uenched and drawn) were heated to 1800° F. and kept camera. 
 Suriacelll .t that temperature for 3 hr., followed by furnace cooling. The loading device is a lever system which transmits 
a The specimens thus treated exhibited a brittle fracture the load to the specimen resting on a suitable support. 
MNadition 
eceive AsReceived Trans- Annealed Transverse 
verse Section Section 
Fig. 3—Photomicrographs of S.A.E.-1045 Steel Used in Tests 
(Above) Large Pearlite Grains Indicate a High Finishing Temperature (Well Above the Critical). 
p See ee Pearlite Grains in Ferrite Matrix Show Slightly Banded Structure, Typical of Hot- 
Olled Steel. 
All Sections Taken at the Center Line of Bar Stock. All Magnifications, X 100. All Specimens Etched 
with Nital. 
UARY 
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The support, specimen and electric strain gages are Test Program and Procedure 
housed in an Aminco ‘‘Sub-zero Test Cabinet.’’ The 


cabinet can be cooled to — 100° F. by forced circulation The previous tests' established the fact that it was en 
of dry ice, and the specimen can be further cooled by _ tirely feasible to determine a notched bar loaded centraty 
pouring liquid nitrogen around it. as a simple beam which would have the same brittle trae. 


The time of testing is measured either by the axis of the _ tion temperature for the same strain rate as a freely sy, 
electronic recorder, which places a ‘‘dot’’ on the load- ported and centrally loaded circular disk cut from the 
deflection record at regular time intervals, or by a stop same material. The circular disk has equal biaxial tal 
watch at the slower speeds. sile stresses at the center. It was not claimed that the 

An a.-c. bridge system is used whereby a 5500-cps. stress conditions were the same in the two cases, but that 
voltage is fed into the load bridge and the deflection the constraint effects on the brittle* transition tempera. 
bridge with the resulting unbalance from loading or de- ture were the same. The utility of this correlation would 
flecting detected, amplified and sent toa 3FPI tube. A be considerably decreased if each material required g 
record is made with a still camera. The load bridge and different shaped notch in order to produce the same brit 
the deflection bridge contain an AB-7, SR-4 strain gage tle transition temperature at the same strain rate in both 
in each of the four arms. The detailed description of the notched bar and disk. It is expected that the brittle 
apparatus has been given previously.' transition temperatures for a given geometry and strain 
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Fig. 4—Photomicrographs of S.A.E.-4140 Steel Used 
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Fig. 7-—Notched Bar and Plate Supports 


rate will be different for each material, but in the earlier 
tests on S.A.E.-1020 it was hoped that the correlation 
between the disk and the particular notched bar used 
(namely, the same brittle transition temperature for the 
same strain rate) was purely a formal one, dependent 
upon geometry alone and thus independent of the ma- 
terial. In such a case, once the notched bar was estab- 
lished which correlated with the disk for one material, it 
should hold for all materials showing a transition to 
brittle fracture. 

In order to investigate the influence of material on the 
notched-bar vs. disk correlation, tests were conducted 
on two additional steels, namely S.A.E.-1045, and $.A.E.- 
4140. 

Circular disks, 2°/3. in. in diameter by */j. in. thick, 
and 1-in. square bars, 6 in. long, were machined from the 
same bar. The disks were freely supported along the 
periphery and centrally loaded. The specimen was 
cooled toa temperature slightly above the expected transi- 
tion temperature and then loaded at a given uniform 
rate. Ifa slight yielding took place the test was stopped, 
the temperature was lowered and the loading process re- 
peated until failure took place with a slight amount of 
yielding. A new specimen was then tested at a lower 
temperature to account for the cold working of the trial 
sample. This procedure was repeated until brittle frac- 
ture was experienced with a minimum amount of yielding 
at the first trial. This same technique was then re- 
peated at some other deflection rate to obtain the strain 
velocity-brittle temperature relation for the disk under 
investigation. After this was found, a bar with a suitable 
notch was sought which would exhibit the same strain 
velocity-brittle temperature relation. The notch was 
cut in the middle of the bar perpendicular to the long 
axis, and the bar was supported on knife edges 5'/» in. 
apart. The central load was applied on the side op- 
posite the notch. The testing procedure for the bar 
was the same as that described for the disk. Illustra- 
tions giving the dimensions of the specimens and show- 
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Materials 


ing the method of support are presented in Figs. 5-7, 
inclusive. 

Since it is important for a designer to know the quanti- 
tative effect of the ratio of the combined stresses on the 
brittle transition temperature, this was next investigated 
on §.A.E.-1020 steel. The ratio of the principal stresses 
in the plane of the disk was 1 tol. A rectangular plate 
was next selected having the same thickness as the disk, 
but so loaded and proportioned that the ratio of the prin- 
cipal stresses was approximately 2 to 1. Since the frac- 
ture takes place in a brittle fashion, the elastic theory of 
rectanglar plates was utilized in selecting the proper 
dimensions.’ The dimensions of the plates selected were 
33/, in. long, 17/3 in. wide and */,,in. thick. The elastic 
theory predicted a ratio of transverse to longitudinal 
stress of 0.56 for these dimensions when the plate was 
centrally loaded and freely supported along the short 
sides as shown in Fig. 7. The plates were machined from 
the same bar of S.A.E.- 1020 steel used for the disks and 
given an identical heat treatment. The brittle transition 
temperature was determined as described above for the 
circular disk. An attempt was also made to determine 
the brittle transition temperature for this material under 
uniaxial stress where the ratio of transverse to longitudi- 
nalstress waszero. For this purpose an unnotched bar, 6 
“in. long and in. square,-was loaded centrally in 
simple bending with the knife edges 5'/, in. apart. 

The correlation between notched bars and simple 
structures was next extended to include the determina- 
tion of an equivalent notched bar which would have the 
same brittle transition temperature at the same strain 
rate as the rectangular plate mentioned above. To cor- 
relate the data on this bar with that previously obtained 
for the disk, all the dimensions (as well as the material) 
were kept the same with only the notch depth varying. 


Analytical Considerations 


As mentioned previously,' although in certain cases 
correlations can be made between notched bars and struc- 
tures on the basis of deflection rates, it is more fundamen- 
tal to make such comparisons based upon the strain rates 
at the points in the structures at which brittle failure will 
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occur. This stems from the consideration that for 
given stable material there exists a functional] relati. 
ship between stress ¢, strain ¢, strain rate é and tempo: 
ture T ** which can be represented symbolically py 

o =f T) 
In addition, since there will exist in general at the p,; 
of brittle failure of a structure a state of combined st., 
and strain, the values of ¢, « and é in Equation 2 wij prof 
ably be composite values of the principal stresses, prin 
pal strains and principal strain rates, respectively 
the present time, the mechanical theory of strength ; 
brittle failure (i.e., whether it is governed by the may 
mum normal stress, maximum normal strain, maxim 
shearing stress, strain energy, etc.) has not yet bee 
satisfactorily established. For the plastic flow of duc; 
metals, at least out to true strain values of 0.20, the dist, 
tion energy theory appears to be the most satisfactory 
Since brittle failure in the present experiments, dye } 
their inherent nature, takes place in the short twiligh 
zone between the cessation of plastic flow and the sty 
of brittle fracture, it seems reasonable to utilize tho 
composite values of stress, strain and strain rate whj 
are valid during plastic flow. Thus, for the present eg 
periments, stress o and strain e in Equation 2 becom 


— 


(3) 


with the strain rate € the time derivative of the strain 
In Equations 3, o1, and €, €; are the principal stres 
and strain values, respectively. o, ¢ and € so defined arg 
called effective values. In order then to make compari 
sons or correlations between the behavior notched bar 
and other structures or between different structure 
themselves, use is made in this paper of the effectivg 
values defined in Equation 3. 

In the correlation of the disks with the notched bar 
for the three materials S.A.E.-1020, S.A.E.-1045 an 
S.A.E.-4140, calculations were first made of the biaxia 
stresses at the center of the bottom side of the disk fron 
well-known expressions for thiscase.® The biaxial strains 
were determined from Hooke’s generalized law and sub 
stituted in the expression, Equation 3, for the effective 
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Fig. 9—Quantitative Effect of Combined Stress Ratios 
Brittle Transition Temperature for S.A.E.-1020 Steel 
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grain. Next the central deflection for the freely sup- 
sorted and centrally loaded disk* wascomputed. A rela- 
on could then be determined between the effective strain 
sand the deflection 6 at the center of the disk. The time 
jerivatives of this expression gave an equation between 
the deflection rate 6 (which is measured) and the effective 
strain rate €. Thus it was possible to convert all values 
of deflection rate 6 in Table 2 for the disks in terms of 
efective strain rate é. (The relationship between load 
and deflection calculated above agreed favorably with 
experimental values.) For the deeply notched bars, a 
slightly different procedure was followed. Since the de- 
fection of such bars was difficult to calculate satisfac- 
torily, the relatifn between load and deflection was 
determined experimentally from the average of a large 
number of tests at the low temperatures. The strain « 
at the bottom of the notch was computed by elementary 
formulas in which the nominal bending stress at the 
notch-bottom was multiplied by the appropriate stress 
concentration factor and then divided by the modulus of 
elasticity. As in the case of the disk, the two relations 
between load and deflection, and strain and load, gave a 


flection rate and strain rate which was used to convert 
the measured deflection rates of the notched bars into 
strain rates for the disk vs. notched bar correlations. 


A somewhat similar procedure was utilized to convert 
the deflection rates to effective strain rates for the rec- 
tangular plates as carried out for the disks, the only 
difference being that the rectangular plate formulas were 
used.” 

To represent the effects of combined stresses on the 
brittle transition temperature it was suggested’ that 
some form of constraint index be used which would be of 
help to the designer. While no completely satisfactory 
analytical formulation of the effect of constraint has been 
proposed, it is certainly a function of the principal stresses 
(1, 2, 63) and may also be a function of the space gra- 
dient of these stresses. For the purpose of representing 
the results of the tests described herein, use is made of a 
special combined stress ratio suggested by Jackson.’® 
The constraining effect of the principal stresses on the 
brittle transition temperature can then be measured by 
this ratio which is called herein the Constraint Index C 


simple relation between strain and deflection. The time Oi |o1 +2495] (4) 
derivatives of this resulted in the relation between the de- 3\omaz.| 
Table II 
SUMMARY OF DATA 
Specimen Ko, Material Type Brittle Temp- Time to Deflection Effective 1/temp, 
erature °F Deflection,in. fracture, sec.,| rate,d, in. strain rate € l/Abs, °F 
per sec. in/in/sec. 
18 S.A.E. 1020 Disk -160 0.0132 0.0724 0.1625 0.0667 0.00333 
2 S.A.E, 1020 Disk -195 0.018 1.0 0.0180 0.00657 0.00378 
15 S.A.E. 1020 Disk -225 0.0186 12.4 0.00150 0.000547 0.00426 
23 S.A.E. 1020 Disk -238 0.018 51.0 0.000355 0.000130 0.00450 
38 S.A.E. 1020 Bar -150 0.0132 0.0724 0.1825 0.0913 0.00333 
S.A.£. 1020 Ber #195 0.018 1.0 0.0180 0.009 0.00378 
40 S.A.E. 1020 Ber 0.018 11.4 0,00158 0.00079 0.00423 
9 S.A.B. 1045 Visk -205 0.0124 0.0553 0.231 0.0843 0.90392 
6 S.A.B. 1045 Disk -252 0.0217 11.9 0.00182 0.000664 0.00481 
S.A.E. 1045 der -210 0.0189 0.0527 0.358 0.179 0.00400 
10 S.A.E. 1045 Ser -258 0.0240 13.1 0.00183 0.000915 0.00495 
% S.A.E, 4140 Disk #19 0.0178 0.0657 0.27 0.0990 0.00376 
50 S.A.E. 4140 Disk -255 0.9245 14.8 0,00166 0.000606 0.00488 
64 S.A.E. 4140 Ber -190 0.0178 0.0724 0.246 0.123 0.00380 
63 S.A.E, 4140 Bar 0.0219 11.6 0.00189 0.000945 0.00488 
3 S.A.B, 1020 Plate -205 0.0222 0.105 0.212 0.0298 0.00392 
4 5.A.E. 1020 Plate 0.0286 13.5 0.00212 0.000298 0.00492 
3 1020 Shallow Fotched -205 0.00526 0.039 0,135 0.0414 0.00392 
Ber 
6 S.A.B. 1020 Shallow Notched -255 0.015 11.7 0,00128 0.000392 0.00488 
ber 
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where o;, o2 and o; are the three principal stresses and 
| max. | is the absolute value of the numerically largest 
of these stresses. From Table 3 it may be seen that ac- 
cording to the scale chosen, pure shear (torsion )is consid- 
ered to have the smallest constraint of zero with triaxial 
tension or compression (for which there should be theoreti- 
cally no plastic flow) having the largest possible con- 
straint of 1.00. With this as a background it may be 
seen that the cases tested in this paper are pure ‘tension 
with C = 0.333, the rectangular plate with C = 0.520 and 
the circular disk with C = 0.666. 


Table 3—Values of Constraint Index C for Various States 
of Combined Stress 


Con- 
State of straint 
Stress Stresses Index C 
Pure shear 
(torsion) o, = 0, 0 
Pure tension = 4, = a3 = 0 0.333 
Pure compression = 0, o, = 0, = —o 0.333 
Rectangular plates 
tested o, = 0.56¢, o; = 0 0.520 
Disks tested (equal 
biaxial tension) = a, = a, o; = 0 0.666 
Triaxial 
compression = o= o; = —o 1.000 


In order to represent the results in terms of the effec- 
tive strain rate é instead of the deflection velocity 6 it can 
be seen that Equation 1 may be re-written as 


log, € = Cy 

where C, is a new material constant and the other quanti- 
ties remain the same as before. Thus, a plot of the log- 
arithm of the effective strain rate é vs. the reciprocal of 
the absolute testing temperature 7 is a straight line. 


Results 


The correlation of the notched bar selected with the 
disk is shown in Fig. 8 where the effective strain rate is 
plotted vs. the reciprocal of the absolute testing tempera- 
ture in degrees Fahrenheit. This figure includes the re- 
sults for three materials, namely S.A.E.-1020, S.A.E.- 
1045 and §.A.E.-4140. The data for this diagram is 
taken from Table 2. 

It can thus be seen that the same shaped notched bar 
shown in Fig. 5 correlates with the circular disk for all 
three materials. This indicates then that the correlation 
is a purely formal one and independent of the material se- 
lected. Thus, the same brittle transition temperature 
would be determined at the same effective strain rate in 
the disk and in the notched bar of a given material. As 
expected, each material has its own brittle transition 
temperature for a given effective strain rate and geome- 
try. This result should considerably simplify the 
general problem of structure vs. notched-bar equiva- 
lence. 

It may be seen from Fig. 8 that the S.A.E.-1045 steel 
showed a lower brittle transition temperature than the 
S.A.E.-1020 for the same effective strain rate. “If carbon 
content were the only difference between these two steels, 
it would be expected that they might be in the reverse or- 
der as regards the brittle transition temperature. How- 
ever, from Table 1 it will be noted that the nitrogen con- 
tent of the S.A.E.-1045 steel is much less than for the 


S.A.E.-1020 which may account for this anomalous 
effect. . 
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The quantitative effect of the ratio of combing 
stresses on the brittle transition temperature o/ 
1020 steel is shown in Fig. 9. The effective strain rate 
are plotted in this figure vs. the reciprocal of the absoly,, 
testing temperature for three types of specimens hayjy 
different ratios of the combined stresses. These jp. 
clude (a) the centrally loaded and freely supported ¢, 
cular disk with the ratio a (the ratio of transverse ; 
longitudinal stress) equal to 1 and contraint index ¢ 
Equation 4, equal to 0.666, (6) the rectangular plate cen, 
trally loaded and freely supported along the short edge, 
having a ratio a = 0.56 and C = 0.520 and (c) an wp. 
notched bar centrally loaded in bending with simp) 
supports for which a = 0 and C = 0.433. In the latter 
case, only the domaine (cross-hatched) in which brite) 
fracture may occur under uniaxial stress is indicated 
since the lowest testing temperature available (—29 
F.) at an effective strain rate of 0.00740 in./ in. /se 
failed to produce brittle fracture. 

Figure 9 shows quantitatively how the brittle trang. 
tion temperature is raised as the ratio a (of the transverg 
to the longitudinal stress) or the constraint index C is ip. 
creased. The effect is, indeed, very pronounced. The 
numerical effect on the brittle transition temperature js 
shown in Table 4 for two strain rates. It will be noted 
that while the temperature difference is 26 to 27° F. in 
proceeding from equal biaxial stresses to the case wher 
they are in approximate 2 to 1 ratio, that the difference js 
at least 82° F. between the brittle transition tempera. 
tures for the uniaxial and equal biaxial conditions. 

A further result is indicated in Fig. 9. An attempt 
was also made to determine a notched bar which would 
have the same brittle transition temperature at the sam: 
strain rate as the rectangular plate, i.e., to select a 
notched bar which would be equivalent to the rectangular 
plate as regards transition to brittle fracture. It was 
found that a 1-in. square bar having a notch */3. in. deep 
with a '/,in. radius satisfied this condition. The remain. 
ing dimensions of the bar were the same as for the disk ys 
notched bar correlation. The results obtained with this 
bar are shown in Fig. 9. For the same effective strain 
rate the rectangular plate and the notched bar so deter 


mined differed in brittle transition temperature by only 
3° F. 


1020 STEEL 


1020 STEEL 


DISC FRACTURE 


NOTCHED BAR 


Fig. 10—Fractures Pictures 
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Notched Bar 


Failed on Fourth 
Application of Load 


Edge View of Disk 
Fig. 11—Typical Brittle Fractures of S.A.E.-1045 Steel 


Table 4—The Effect of the Ratio of the Combined Stresses 
on the Brittle Transition Temperature of S.A.E.-1020 Steel 


Effective Circular Disk Rectangular Simple Beam 
Strain Rate, C = 0.666 Plate C = 0.333 
In./In./Sec. a=] C = 0.520 a =0 

a = 0.560 (Estimated 
Highest 
Possible 
Temperature) 
Brittle Transition Temperature, ° F. 
0.03 —177 — 204 —278 
0.0003 — 230 — 256 —312 


The brittle fractures of some typical specimens are in- 
cluded in Figs. 10, 11 and 12. 


Conclusions 


From the investigation described the following con- 
clusions can be made: 

(1) Tests on three quite different steels have demon- 
strated that the correlation between the notched bar used 
and the circular disk is independent of the material. 
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Fig. 12—tTypical Brittle Fractures of S.A.E.-4140 Specimens 


The material affects the brittle transition temperature, 
as expected, but it does not affect the correlation. Thus, 
a notched bar has been determined which will give the 
same brittle transition temperature at the same strain rate 
as the circular disk if both are made from the same mate- 
rial. It isnot claimed that the stress conditions are the 
same in both cases, but that their effect (constraint) on 
the transition temperature is the same for a given mate- 
rial. This will simplify considerably the general problem 
of correlating notched bars and structures for brittle 
fracture. 

(2) The effect of the ratio of combined stresses (i.e., 
the constraint) on the brittle transition temperature has 
been determined quantitatively on S.A.E.-1020 steel. 
At the same effective strain rate, the transition tempera- 
ture is raised through a broad range of temperatures in 
passing from a uniaxial stress state to a biaxial stress con- 
dition having equal tensile stresses at right angles. An 
intermediate stress condition is included where the ratio 
of the transverse to longitudinal stress is 0.560. 

(3) A notched bar has also been determined which 
correlates for brittle fracture with the rectangular plate 
centrally loaded and freely supported along the short 
edges where the ratio of transverse to longitudinal stress 
is 0.560. 

(4) These tests have demonstrated the feasibility df 
general correlation of properly notched bars and struc- 
tures or machine parts as regards the transition to brittle 
fracture. 
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Abstract 


A set of slow bend and Charpy impact tests are described which 
were carried out on three different steels to compare the tempera- 
tures of transition to brittle fracture at the same deflection rates 
as determined by both types of tests. The experimental results 
show that the slow bend tests predict transition temperatures 
which lie on the upper knee of the Charpy “S’” curve shortly 
before the sudden drop-off in energy values. 


Introduction 


OR many years, the notched-beam impact test has 
been used to determine, among other quantities, the 
temperature range over which the energy absorbed 
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A Comparison of the Brittle Transition 
Temperatures as Determined by the 
Charpy Impact and the M.I.T. Slow 
Bend Tests 


By C. W. MacGregort and N. Grossmant 


Steel B 
Fig. 1—Photomicrographs of Materials Tested. Magnification x 100; 3°% Nital Etch 
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shows a rapid and marked decrease in value. This is 
particularly pronounced for ferritic steels. Both the 
Charpy impact test and the Izod impact test have been 
used for this purpose. The Charpy test, for example, is 
conducted at a fixed striking velocity and with a fixe’ 
condition of constraint and is more useful than the [20d 
test when the testing temperature is to be varied among 
specimens. Due to its inherent nature, however, the 
Charpy test does not yield values which can be used di- 
rectly in design where in service the strain rates and con- 
straint conditions are different from the values employed 
in the test. Its use for metals is mainly restricted to the 
determination of the effects of metallurgical and struc. 
tural changes on the energy absorbed at a fixed strain rate 
and for an idealized condition of constraint. When 
viewed in this light, it has proved to be an effective tov! 
in materials research and control. 

In addition to the defects of the Charpy test mentioned 
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Fig. 2—Dimensions of Specimens and Loading Device 


above, it is usually necessary to employ a large number of 
specimens in order to establish a satisfactory curve of 
energy absorbed vs. testing temperatures with a resulting 
scatter of the test results. Likewise, the control and 
measurement of the testing temperature is prone to be 
somewhat inaccurate and difficult to accomplish satis- 
factorily. For ferritic steels, a range of temperatures is 
determined over which the energy absorbed decreases 
rapidly. In these cases, the important quantity to de- 
termine from a practical standpoint is the temperature at 
which such a transition begins so that this may be avoided 
by the designer. 

The special slow bend test employed by the authors at 
M.I1.T. overcomes the disadvantages mentioned above for 
the Charpy test. In the M.I.T. test, a specimen of any 
shape is supported as desired and loaded at a predeter- 
mined constant rate with an accurate control of the test- 
ing temperature. In this manner, it is possible to vary 
the constraint, the strain rate and the testing temperature 
so that the separate effects of these variables can be con- 
trolled and measured. The strain rate can be main- 
tained constant throughout the test which is not possible 
in the standard Charpy test. 

A detailed description of the M.I.T. slow bend test and 
the equipment used, together with a discussion of how the 
method supplies information of direct use to the designer, 
has been given previously.’ ? Briefly, the equipment 
loads a specimen at a uniform speed under a constant 
temperature and a load-deflection record is made for each 
test. AB-7,SR-4 electric strain gages connected into a 
bridge circuit measure both load and deflection. The in- 
tegral parts of the equipment include a loading machine 
with strain gages, a thermocouple and millivoltmeter, 
stop watch, electronic recorder and a still camera. The 
loading device employs a lever system which transmits 
the load to the specimen which rests on a suitable sup- 
port. The support, specimen and electric strain gages 
are housed in an Aminco sub-zero test cabinet. The cabi- 
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net can be cooled to —100° F. by forced circulation of T 

dry ice, and the specimen can be cooled still further by | 

Although the slow-bend test discussed herein is of much 

broader application than the standard Charpy impact 

test, inquiries have been received as to how the transition 

temperature determined by the M.I.T. slow-bend test on 

a standard Charpy specimen would compare with the 

range of temperatures of brittle transition obtained by 

the Charpy impact test on the same materials. Such 

tests were underway at the time and have been recently ~~ 

completed. The comparisons, of course, would have tj 

to be based upon the same strain rate in both cases. It \ 

is the purpose of this paper to describe the results of 

experiments made on three different materials to show N\ 


this comparison. sTeeLA 


DEFLECTION RATE IN PER SEC 


Tablo II 


/T°F 0903 
Charpy Impact Test Values +373 +165 +40 -43 -148 -182 -210 


Temp. °F, Swing " Energy Absorbed Fig. 3—Slow-Bend Test Results Extrapolated to Charpy Impag 
ft.-lbs. Rates 
157 1.2 
156. 1.7 
152 5.7 
135 26.3 
104 80.7 
Ty 61.4 Three steels, designated A, B and C, were selected with 
94 100.8 compositions as shown in Table 1. The photomicro. 
98 92.7 graphs are included in Fig.1. The material was supplied 
af in the form of plate stock and standard Charpy specimens 
-— et of the dimensions shown in Fig. 2, were machined from 
— the plates in the as-received condition with the direction 
126 of rolling perpendicular to the notches. 
7% Standard Charpy impact tests were carried out at 
several temperatures using at least two specimens for 
each temperature. Where any appreciable scatter oc. 
curred, several additional specimens were tested. In ad- 
dition, slow bend tests were conducted on the standard 
Charpy specimens with specimens, supports and the 
loading knife edges of the same dimensions as those en- 
ployed in the Charpy impact test. The slow-bend tests 
were performed at two different deflection rates approx- 
mately 0.1 in. per second and 0.001 in. per second com- 
pared to 210 in. per second for the impact tests. 


Materials and Testing Procedure 


Results 


The Charpy and the slow-bend test values are tabu- 
lated in Tables 2 and 3 respectively. The results of the 
bend tests are plotted in Fig. 3, where the logarithm of 
the deflection velocity is a linear function of the reciprocal 
of the absolute testing temperature. + *-* The energy 


Table 
Slow Bend Test Values 


Deflection, in. Time to fracture Deflection hate 1/T °F. abs. 
sec, in. per sec, 


0.0168 0.105 1.60 x 0.00258 _ 
0.0143 12.7 1.13 x 0.00323 _ 
0.0110 0.0724 1.52 x 10 0.00290 

x 

x 

x 


0.0641 0.00527 1.22 0.00267 
0.C20 15.8 1.27 0.00337 


—— 
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Fig. 4—Charpy Curves 


absorbed in the Charpy impact tests is plotted vs. the 
testing temperature in Fig. 4. 


Discussion 


The slow-bend test values can now be utilized to ob- 
tain by extrapolation as shown in Fig. 3, the transition 
temperatures which should correspond to the deflection 
rate of the Charpy impact machine (17.5 ft./sec. = 210 
in. per second). The transition temperatures corre- 
sponding to the deflection rates of the Charpy test, thus 
predicted by the slow bend tests, are indicated in Fig. 4 
by solid triangles. It may be seen that the transition 
temperatures predicted by the slow-bend tests lie on the 
upper knee of the Charpy ‘‘S’”’ curves shortly before the 
sudden drop-off in energy values. Thus the transition 
temperatures determined from the slow-bend tests are on 
the conservative side and result in single values in each 
case rather than in a range of temperatures as for the 
Charpy impact test. 


Correction 
In the article ‘‘The Strength of Welded Joints at Low 
Temperatures and the Selection and Treatment of Steels 
Suitable for Welded Structures,’ by Otto Graf, published 
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in the Welding Research Supplement for September 
1947, please note on page 513-s, line 6 under Section 6, 
that the specimen should read as follows: ‘‘with a l-mm. 
round notch.’’ This is the value shown in Fig. 15 
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Use of Carbide-Stabilizing Elements t 


pany 
form 
Improve Weldability of Plate Steels ¥ 
W 
tere! 
By F. F. Franklin® 
stee 
the 
I. Introduction 
as | 
ARBIDE-STABILIZING elements are a group of | a 
metals, used in steel, which have exceptionally ma 
high affinities for carbon, and whose carbides tend for 
to remain undissolved in the steel matrix at high temper- cus 
atures. These elements, which include titanium, colum- suf 
bium and vanadium, among others, have been investi- no’ 
gated in regard to their behavior during beat treatment, ter 
their effects upon the physical properties of steel, and the sm 
improvement in resistance of stainless steels to inter- th 
granular corrosion. an 
Our knowledge of the effects of this group in welding, 
however, is of an empirical nature, confined for the most v2 
part to individual members in widely diversified appli- its 
cations. Most information upon this subject, further- pt 
more, is concerned with effects upon the mechanical prop- fe 
erties of the parent metal, rather than the part played th 
by these elements in the welding operation. ni 
The object of this paper is to show the functions of uw 
carbide-stabilizing elements in the welding operation, p 
and how they may be utilized to improve the welding | is 
properties of steels, particularly the low-alloy, high- p 
strength types. Quenched from 1650° F. (Zimmerman, . 
Aborn and Bain) 
II. Significance and Control of the Austenite 


Transformation 


The Austenite Transformation 


At ordinary temperatures, plain carbon and low-alloy 
steels in the as-rolled, annealed or normalized conditions, 
consist of two principal constituents. The first of these, 
called ferrite, is composed of iron or solid solutions of iron, 
manganese and other alloys which may be present. Dis- 
persed within the ferrite is the second or carbide phase. 
It should be explained here that while free carbon or 
graphite is a common constituent of cast iron, it is very 
seldom found in ordinary steels. In steels, the carbon is 
combined chemically with iron, manganese, chromium 
or other metals as carbides, depending upon which alloys 
are present and their respective amounts. 

The manner in which the carbide phase is dispersed in 
the ferrite determines, within limits, the strength and 
toughness of the steel. The amount of carbon is the 
primary factor which determines the limits of strength 
and hardness that may be developed, while alloys, such 
as manganese and chromium, also affect these properties 
as well as the tendency of the steel to harden. 

When ordinary steel is heated slowly above a value 
known as its lower critical temperature, usually a little 
above 1300° F., changes begin to occur in its internal 
microstructure. The exact temperature at which these 
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changes begin depends upon the composition of the steel 
and upon the rate of heating; but when the lower critical 
point is exceeded, the structure of the ferrite begins t 
change and a new phase, called austenite, appears. As 
heating continues, the amount of austenite increases and 
this constituent gradually absorbs the carbide phase un- 
til a second and higher temperature, or upper critical 
point, isexceeded. At this point the steel becomes a uni- 
form body of austenite containing only a few particles o! 
undissolved matter. This upper critical temperature 
again depends upon the type of steel and the rate ol 
heating, but seldom exceeds 1600° F. 

The particles which do not dissolve in austenite in- 
clude the nonmetallic inclusions and certain metalloids, 
such as sulphides and the less soluble carbides. While 
most carbides, such as those of iron, manganese and mo- 
lybdenum, are absorbed readily by austenite, those of the 
carbide-stabilizing elements, such as zirconium, colum- 
bium, titanium and vanadium, dissolve very slowly. 
Figure 1, taken from the work of Zimmerman, Abort 
and Bain,’ shows the microstructure of a vanadium steel 
quenched from 1650° F. The small, black particles of 
undissolved vanadium carbide are readily apparent. 

As the heating of low-carbon steel is continued above 
the critical range, a further change occurs just before the 
melting temperature is reached. Since this paper, how- 
ever, will be confined to the thermal effects below 2()()() 
F., this change and the accompanying delta phase wil 
not be considered. 
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In welding, a gradient extends from the temperature of 
the molten weld down to that of the unheated metal. 
Although the heated zone on either side of the weld is us- 
ually narrow, somewhere within that zone the various 
structural phases already described may be found. The 
transformation from ferrite to austenite and the accom- 
panying absorption of carbides is found in graduated 
form as the weld is approached and as the temperature 
of the metal increases. ’ 

When austenite is cooled slowly, the reactions encoun- 
tered upon heating are reversed with formation of the 
ferrite and carbide phases. In cooling, the critical points 
occur at lower temperatures than in heating. As the 
steel cools, furthermore, and especially if it cools rapidly, 
the transformation may be retarded to such an extent 
that the entire critical range may be passed without 
transformation beginning. This phenomenon is known 
as under-cooling. When an under-cooled steel does be- 
gin to transform, the rate is rapid and some austenite re- 
mains unconverted. Austenite remaining wuntrans- 
formed in weldments introduces several problems dis- 
cussed later. If the transformation is delayed until a 
sufficiently low temperature is attained, the carbides do 
not precipitate and a new crystalline phase, called mar- 
tensite, is formed. Martensite, when present even in 
small quantities, increases the hardness of the metal, at 
the same time reducing its ductility and impact resist- 
ance. 

All phases previously mentioned may be present in 
varying amounts in a steel which has been heated above 
its critical range and cooled, depending upon the exact 
procedure used, and the composition. Because of dif- 
ferences in the properties of these constituents, such as 
their respective coefficients of thermal expansion, inter- 
nal stresses are set up which may have considerable effect 
upon the properties of the steel itself. Austenite, in 
particular, retained in the steel at ordinary temperatures 
is unstable and may undergo transformation, setting up 
powerful internal stresses in addition to those just men- 
tioned. Such conditions usually exist in as-rolled and 
normalized steels, and may easily occur in the heat-af- 
fected zone of a weld. These internal stresses may be 
reduced, however, to negkigible values by reheating the 
steel to some point below the lower critical temperature. 

Of equal importance are the tremendous local pres- 
sures set up when hydrogen dissolved in austenite is re- 
leased during transformation at ordinary temperatures. 
Hoyt, Sims and Banta’ have presented an excellent ex- 
planation, given below, of the manner in which hydrogen 
is introduced into a weld, and is retained to later cause 
failure by cracking. 

“During the welding operation with the usual weld 
rod, quantities of hydrogen are dissolved in the weld 
bead. This diffuses rapidly into the parent metal, which 
is heated above the transformation temperature. Hy- 
drogen is soluble in austenite at all temperatures but is 
practically insoluble in cold ferrite or martensite. When 
the heat-affected zone transforms, therefore, hydrogen is 
rejected from all areas except those that remain austen- 
itic. In these areas of austenite the hydrogen concen- 
trates to relatively high values. When they later trans- 
form at room temperature and hydrogen is rejected, with 
no place to go, enormous aerostatic pressures are set up, 
which disrupt the adjacent structure even though it be 
hardest martensite. The cracks thus formed are un 
doubtedly quite small, and the principal function of ther- 
mal stresses probably is to cause the cracks to grow to vis- 
ible size. This growth has been observed frequently and 
was demonstrated in the course of the present investi- 
gation. If this austenite is transformed at elevated 
temperatures, the hydrogen can diffuse sufficiently to pre- 
vent the maximum stress. This is common experience 


with shatter cracks, which are never produced at tem- 
peratures above 400° F.”’ 

Since the greater the hardenability, the greater the 
amount of transformed austenite retained in steel, this 
explanation by Hoyt, Sims and Banta justifies the gen- 
eral rule in welding, that the greater the tendency of a 
steel to harden, the more susceptible it is to cracking af- 
ter being welded. 

While carbon, manganese, chromium and other alloys 
are added to increase the strength of steel, they also in- 
crease the tendency of the steel to harden, with formation 
of martensite and retention of austenite, by delaying the 
transformation of this latter phase. The extent of this 
tendency to harden may be measured by standard harden- 
ability.tests: in fact, several investigators have used hard- 
enability as an inverse measure of weldability in the se- ' 
lection of alloy steels for welded applications. 

From the foregoing discussion it may be seen that in 
the cooling of weldments it is advantageous to have the 
austenite transformation occur at high temperatures. 
In the first place, the higher the temperature at which 
transformation begins, the greater the opportunity for 
its completion, minimizing the amount of untransformed 
austenite, and consequently the amount of hydrogen re- 
tained. Second, the higher the transformation temper- 
ature the less tendency there will be for martensite for- 
mation and the accompanying losses in ductility and re- 
sistance to sudden impact. Third, the greater plasticity 
of steel at high temperatures minimizes the internal 
stresses which are set up when new phases are formed. 

At this point a secondary object of this paper might be 
stated as the illustration of how the austenite transfor- 
mation in weldments may be caused to occur at high 
temperatures. 

Transformations at these higher temperatures may be 
obtained in three ways: 


1. By cooling the steel slowly, and providing suffi- 
cient time for transformation to take place. 

2. By elimination of elements which might cause the 
transformation to be delayed. 

3. By providing substances which promote the trans- 
formation at the higher temperatures. 


Slow cooling of weldments may be carried out by cover- 
ing them with asbestos and similar material, and by post- 
heating. The success of such methods depends largely 
upon the manner in which they are carried out and in 
many cases it is impossible to use them because of the 
nature of the objects being welded. 

The elimination of elements which delay the austenite 
transformation would, of course, prevent the use of most 
alloys used to increase the strength of plate steels, such as 
manganese, chromium and nickel, and would necessitate 
either using heavier gage materials or reducing the factor 
of safety obtained with high strength steels. 

By providing substances which promote transforma- 
tion at the higher temperatures, however, the weldment 
may be cooled at a normal rate, and the effects of the 
hardening alloys may be sufficiently mitigated to insure 
soundness with minimum residual stresses and cracks. 
Such weldments, furthermore, are of greater uniformity 
in composition and structure, and possess high degrees of 
strength, ductility and resistance to sudden impact. 


Effect of Carbide-Stabilizing Elements Upon Austenite 
Transformation 


When certain carbides having limited solubility in 
austenite are present in steel, the transformation rate of 
austenite upon cooling is promoted at high temperatures, 
and by taking steps to assure the presence of these car- 
bides in steel for welded applications, the weldability 
may be greatly improved. Vanadium, titanium, alumi- 
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num, columbium and zirconium are some of the elements 

which may be added to steel for this purpose. Due re- 
gard for the properties of the individual elements must be 
taken into consideration in making a selection from this 
group and in designating the amount to be used, While 
it is important economically to keep such an addition to 
a minimum amount, an excess might defeat the purpose 
by increasing the tendency of the weldment to harden. 
Amounts most suitable from a practical standpoint are 
discussed in a later section. 

If heating is prolonged so that the carbides dissolve, 
the transformation rate, as shown later, is greatly re- 
tarded. In welding, however, the heating cycle is compar- 
atively short, and except for excessive local temperatures 
the conditions are not conducive to the solution of such 
carbides. 

To illustrate the effects of undissolved carbides in this 
respect several investigations have been carried out. 
Hoyt, Sims and Banta? have shown that when certain 
steels containing aluminum and titanium were heated 
slowly to allow solution of carbides in austenite and then 
cooled, the upper critical point was lowered. On the 
other hand, when these steels were heated rapidly and 
then cooled, the upper critical point was raised. This 
was attributed to insuffcient time for the carbides of alu- 
minum and titanium to dissolve in austenite. 

These investigators stated that the removal of carbon 
from solution by the titanium and aluminum gave rise to 
small localized areas of lower carbon concentration with 
correspondingly higher upper critical temperatures, 
saying most of the austenite ‘“‘during the short-heat cycle 
was of relatively low carbon or alloy content as revealed 
by the high temperature at which the phase transforma- 
tion occurred.”” A second part of this transformation 
which occurred at lower temperatures was attributed to 
those small localized areas where the carbide had been 
absorbed by the matrix. 

There is, however, another effect known as nucleation 
which promotes transformation where undissolved sub- 
stances are present. Just as a particle of solid matter 
will cause an under-cooled solution to solidify, un- 
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Fig. 2—Transformation Chart of Steel Containing 0.89 C and 
0.29 Mn (U. S. Steel Research Laboratories) 
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dissolved particles of carbide prevent under-cooling of 
austenite and act as nuclei for initiating and promoting 
the transformation at high temperatures. In other 
words, the heat-affected zone of a weldment where such 
nuclei are present will undergo a more complete trans- 
formation than a similar weldment without these particles 

For quantitative information regarding the effects o/ 
carbide nuclei upon transformation rates, we turn to the 
work published by the U. S. Steel Research Labora- 
tories.* Figure 2 contains a chart showing the trans- 
formation characteristics of a $teel of eutectoidal compo- 
sition, while Fig. 3 illustrates the transformation of a 
similar steel with 0.27% vanadium heated to insure com- 
plete solution of both vanadium and carbon. A com- 
parison of these two figures illustrates the effect of dis- 
solved vanadium in retarding the transformation rate o/ 
austenite. Figure 4, on the other hand, shows the trans- 
formation characteristics of this same vanadium stee! 
with vanadium carbides, such as those shown in Fig. ! 
present, in the austenite matrix. The transformatior 
rate of this last steel is far greater than that of the corre 
sponding steel without vanadium. It isimportant to note 
that if the total amount of vanadium in this case were 
combined with carbon only 0.05% carbon would be re- 
moved from the matrix, leaving 0.82°% dissolved in the 
austenite. While it is true that the transformation rate 
of 0.82% carbon steel would be greater than that of a 
0.89% carbon steel, the difference would still not be as 
great as that indicated by Fig. 2 and 4. It is obvious, 
therefore, that the removal of carbon is not the entir¢ 
story and that nucleation must also be a factor in speed 
ing up the transformation. 

While the carbides under discussion are slow to dis 
solve in austenite, and their solubilities are limited, va 
nadium carbide shows a greater tendency toward solution 
than those of columbium and titanium. Thus, that por- 
tion of vanadium carbide which does dissolve in austen- 
ite during welding affects the transformation. Unless 
cooling is extremely rapid, such as in quenching, thie 
dissolved vanadium carbide because of its limited solu- 
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bility, will tend to precipitate at higher temperatures. 
A close comparison of the upper portions of the S-curves 
in Figs. 2 and 3 illustrate this point, but it is more easily 
seen in Fig. 5, taken from the work of Wever, Rose and 
Eggers.4 The persistence of the V4C; phase at high tem- 
peratures is apparent in the chart. This solubility ex- 
plains some of the differences encountered in the use of 
vanadium when compared to certain other carbide-stabil- 
izers, such as titanium. 

In the foregoing discussion, a method involving the use 
of carbide-stabilizing elements has been proposed to im- 
prove the welding properties of steel. Carbides thus 
formed retard the tendency of weldments to harden and 
minimize the amounts of austenite retained at ordinary 
temperatures. By promoting transformation of austen- 
ite at high temperatures these carbides prevent cracking 
and assure weldments of uniform composition with high 
degrees of strength and toughness. 


Ill. Practical Application 


Improvement in Welding Properties of the Parent Metal 


Thus far we have been concerned with the so-called 
theoretical aspects of the problem. For the practical 
application of these facts in improving weldability we 
turn to the manganese group of plate steels. 

Early in the development of low-alloy steels it was 
found that high strength could be obtained at low cost 
simply by increasing the manganese content of plain car- 
bon steels to about 1.5%. The resulting compositions, 
however, had low yield points in relation to their tensile 
strengths, and tended to harden easily. They were not 
considered satisfactory in welded applications for several 
reasons, including the ease with which they hardened with 
consequent embrittlement and susceptibility to crack- 
ing. The addition of carbide-stabilizing elements pre- 
viously mentioned to these manganese steels was found 


to increase the yield value and improve the weldability 


to such an extent that their consumption now amounts 
to a major item of plate steel tonnage. 

The manganese-vanadium composition has proved to 
be the most popular of this group. Two grades of this 
steel given in A.S.T.M. Specification A 225-46 have the 
following compositions: 


Grade A Grade B 
i 0.18 max. 0.20 max. 
Mn 1.45 max. 1.45 max. 
P 0.04 max. 0.04 max. 
S 0.05 max. 0.05 max. 
Si 0.15/0.30 0.15/0.30 
V *0.08/0.14 0.08/0.14 


—— 


Because of the vanadium scarcity during the early 
part of the recent war, manganese-titanium steel was 
used in place of manganese-vanadium composition. To 
obtain strength equal to that of the latter composition, 
it was necessary to increase the carbon somewhat, and to 
maintain uniformity of results it was found necessary to 
control the composition within closer limits. Thou- 
sands of tons of manganese-titanium plate were used 
successfully, however, during the emergency period. 

As vanadium gradually became more available it was 
partially restored to the plate steel composition, to from 
a manganese-titanium-vanadium steel. Compositions 
of both manganese-titanium and manganese-titanium- 
vanadium steels, as set forth by the Navy in Ad Interim 
Specification 4885 are given in Table | 


Table 1—Composition of Mn-Ti and Mn-Ti-V Plate Steels 


Mn-Ti Mn-Ti-V 
Cc 0.18 max. 0.18 max. 
Mn 1.35 max. 1.30 max. 
P 0.04 max. 0.04 max. 
Ss 0.05 max. 0.05 max. 
Si 0.15/0.35 0.15/0.35 
0.02 min 
Ti 0.005 min. 0.005 min. 
Cu 0.35 max. 0.35 max. 
Ni 0.25 max. 0.25 max. 
cr 0.15 max. 0.15 max. 
Mo 0.05 max. 0.05 max. 


0.5 %V 


700 


Centigrade Temperature 


600 


40 1.20 
% Carbon Content 


Fig. 5—Constitutional Diagram of C-Fe System Containing 
0.5% V at High Temperatures (Wever, Rose and Eggers) 
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In general, the properties of manganese-titanium-va- 
nadium, like the composition, seem to be a compromise 
between those of manganese-vanadium and manganese- 
titanium plate steels. Although numerical information 
is not available, its welding properties are of the same 
satisfactory quality as those of the other two composi- 
tions. 

The improvement in weldments of carbide-stabilized 
manganese steels over those of the straight manganese 
steels may be seen in the results published by Bibber and 
Heuschkel,® of their work on ‘‘The Measurement of En- 
ergy Absorption in the Tee-Bend Test.’’ In this test, the 
strength of the weldment and the amount of deformation 
it can endure before failing are determined, together with 
total energy absorbed by the weldment before failure. 
This energy measurement is a combination of the 
strength and deformation values, corresponding to the 
area under the stress-strain curve. 

Average values covering a number of heats in each of 
four types of the manganese group of plate steels, are 
shown in Table 2. The four types include: (1) straight 
manganese, (2) manganese-vanadium, (3) manganese-ti- 
tanium and (4) manganese-molybdenum steels. Re- 


sults are given for '/,-in. plates in both the as-rolled and 
normalized states. 


Table 2—Results of Tee-Bend Tests 


Max. Angleat Energy Energy Ratio 
Load Failure,° (In.-Lb.) with Standard, % 
1. Mn AR* 8060 52 8,000 60.4 
Mn Nt 7500 62 9,460 71.8 
2. Mn-V AR 7433 119 16,433 124.7 
Mn-V N 7275 105 15,650 118.5 
3. Mn-TiAR 7460 92.2 13,740 104.0 
Mn-Ti N 6323 128 14,415 109.3 
4. Mn-MoAR 8488 88.2 13,450 101.8 
Mn-MoN_ 8050 90.5 13,400 101.5 


* AR, As-rolled. 
Tt N, Normalized. 


The manganese-molybdenum steel was included to 
show the effect of adding an alloy to manganese steel, 
which was not a carbide-stabilizer. The affinity of 
molybdenum for carbon is not so great as that of titanium 
or vanadium: furthermore, the carbide dissolves readily 
in austenite, and molybdenum is very effective in retard- 
ing rather than promoting the austenite transformation. 

Values shown in Table 2 include the maximum load re- 
sisted by the weldment, which should not be confused with 
the load at failure, the angle at failure which is a measure 
of maximum deformation, the energy absorbed by the 
weldment up to the time of failure and a statement of 
this energy value in terms of that of a standard plain car- 
bon steel. 

In accordance with the theoretical discussion given 
earlier in this paper, the maximum loads resisted by the 
titanium and vanadium-containing steels were somewhat 
less than those of the straight manganese steels. On the 
other hand, the amounts of maximum deformation were 
greatly increased, with corresponding improvements in 
the ability of the weld to absorb energy before failure. 

Molybdenum increased the strength of the weldments, 
and their ability to resist deformation, but neither this 
latter value nor the energy absorbed was as great as in 
the case of vanadium or titanium. 

The effects of vanadium upon the properties of weld- 
ments, as determined by these tests are outstanding. 
Although not quite so strong, weldments manufactured 
from as-rolled manganese-vanadium plate withstood 
twice as much deformation before failing as those from 
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the straight manganese steel, and absorbed twice the 
energy before failure. 

One notable difference may be seen here, between the 
vanadium and titanium steels. The maximum load rp. 
sisted by weldments of these steels in the as-rolled stat, 
is about the same. The reduction in this value }, 
normalizing, however, is much greater in the case of th, 
titanium steel. The reason for this substantial reductioy 
in strength is believed due to the precipitation of bot} 
carbon and titanium in the one steel during the normaliy. 
ing operation, while in the vanadium steel the carbide 


being more soluble, permits the steel to retain greate: 
strength. 


The Weld Metal 


So far we have shown the improvement in weldments 
effected by carbide-stabilizing elements in the parent 
metal. These benefits also may be extended to the wel; 
metal, by incorporating such elements in the weld rod 
Table 3° shows the high and well balanced tensile proper. 
ties of weld metal as deposited from manganese vana. 
dium rod, and after stress-relieving at 1150° F. 


Table 3—Tensile Properties of Deposited Metal 


Stress-Relieved 


As-Welded at 1150° F. 
Tensile strength, psi. 89,900 85,000 
Yield point, psi. 76,000 72,000 
Elongation in 2 in., % 18 27 
Reduction of area, % 41 58 


This type rod may be used for both gas and electric 
welding. In the latter operation the are is smooth with 
little spattering, and the deposited metal is dense, meet- 
ing all testing requirements. 


Mechanical Properties of Stabilized Plate Steels 


1. Tensile Properties at Ordinary Temperatures.— The 
improvement in welding characteristics of steel by means 
of carbide-stabilizing elements having been established 
in the foregoing discussion, the mechanical properties o 
the manganese group of steels containing these alloys will 
be reviewed briefly. 

A statistical survey on manganese-titanium plate made 
by Lt. Charles N. Mottley, U.S.N.R.,’ showing the aver- 
age analysis supplied by a number of manufacturers, and 
involving a large number of heats together with averag« 
tensile properties of the as-rolled '/,-in. plate, is shown in 
Table 4. To illustrate the difference between the man- 
ganese-vanadium and manganese-titanium steels several 
heats of the former analysis were selected which had car- 
bon and manganese contents near those given by Lt 
Mottley for manganese-titanium. The compositions and 
tensile properties of these heats are shown as average 
values in Table 4. A similar comparison could not be 
made with manganese-titanium-vanadium since the man- 


Table 4—Average and Properties of Plate 


teels 

Mn Si V Ti 

Mn-V 0.16 1.27 0.022 0.035 0.20 0.11 bi 
Mn-Ti 0.15 1.30 0.020 0.026 0.24 -. 0.016 
Mn-Ti-V 0.15 1.07 0.019 0.025 0.23 0.055 0.01) 
Yield Tensile Elong. Elong. 
Point, Psi. Strength, Psi. in 2In.,% in 8 In., 

Mn-V 65,100 89,150 21.7 

Mn-Ti 52,800 76,800 ‘ie 25.4 

Mn-Ti-V 58,400 77,275 29.3 


WELDING RESEARCH SUPPLEMENT 


ganese 
jower tl 


The 
yield ra 
yarious 

Tens! 
4855 fc ) 


— 


Table 


Thick: 
In. 
Under | 


the n 


1/, to 
Over ' 
Over 
yh Over 2 
Ac 
4 wit 
tensil 
usual 
TI 
Vans 
Vess 
W 
to, a 
pera 
tern 
proj 
ter 
obt: 
9 
use 
thr 
the 
thi 
‘ 
an 
art 
ste 
pl 
a 
th 
ta 
ti 
t 
| 
‘ 
| 
JANUARY 


vice the 


"een the 
load Te. 
ed state 
by 
of the 
duction 
of both 
TmMaliz. 
arbide 
greater 


Iments 
Parent 
weld 
dr id. 
Toper- 

Vana- 


ctric 
with 
neet- 


The 
eans 
shed 
es of 

will 


lade 
ver- 
and 
“age 
nin 
eral 
Lt 
ind 
age 
be 
an- 


ranese content of this steel was, in general, appreciably 
i wer than in the case of the other two. 
"The effect of vanadium in increasing strength and 
veld ratio is apparent in the average values for these 
various steels. 

Tensile properties required by Navy specification 
4985 for these three grades of steel are given in Table 5. 


Table 5—Tensile Properties from Navy Specification 48S5 


Elongation, 
Tensile Vield (Any 

Thickness, Strength Point Gage Bend 

In. Max., Psi. Min., Psi. Length) Test 
Under 90,000 50,000 20.0 
1/, to 1/2 87,000 48,000 20.0 180° 
Over '/2 to 1 84,000 45,000 20.0 (D = 2'/, t) 
Over 1 to2 84,000 42,000 20.0 
Over 2 82,000 40,000 20.0 


A comparison of the average properties given in Table 
4 with specifications given in Table 5 will show that the 
tensile strength of manganese-vanadium steel may exceed 
the maximum limitation. Adjustments in composition, 
usually by lowering the carbon and manganese contents, 
may be used to bring the tensile strength within the speci- 
fied range. 

The A.S T.M. specification A 225-46, ‘‘Manganese- 
Vanadium Steel Plates for Boilers and Other Pressure 
Vessels,”’ requires the tensile properties given in Table 6. 

While many phases of engineering design are related 
to, and are based upon tensile properties at ordinary tem- 
peratures, numerous types of special testing, such as de- 
terminations of endurance limits and high temperature 
properties, are required for more accurate design and bet- 
ter understanding of the factors of safety which may be 
obtained. Values determined in some of these special 
tests are described in the following sections 

2. Bending Properties —The capacity of a plate steel 
for bending is important in applications where bending is 
used in fabrication. Navy Specifications call for bending 
throughout 180°, with the diameter of the bend 2'/, times 
the thickness of the plate. All three types of steel pass 
this test as a matter or routine. 

3. Endurance Properties —Endur- 
ance properties of as-rolled plate 


Table 6—A.S.T.M. Specification A 225-46 


Grade A Grade B 
70,000 to 82,000 75,000 to 87,000 
0.55 tensile strength 0.55 tensile strength 


Tensile strength, psi. 
Yield point, min., psi. 
but in no case less 


40,000 43,000 
Elongation in 8 in., 
min., “% 
1,600,000 1,600,000 
tensile strength tensile strength 
65 55 
ba:......... 1,650,000 
tensile strength tensile strength 
Elongation in 2 in., 
min., % 
1,750,000 1,750,000 


tensile strength tensile strength _ 


Table 7—Endurance Properties of Mn-V Plate Steel 


Chemical 
Composition Endurance Tensile Ratio 
Heat Mn Psi. Strength, Psi. E.L./T-S. 
A 0.13 1.05 0.09 46,000 74,000 0.62 
B 0.13 1.34 0.11 40,000 74,000 0.54 
C 0.15 1.2 90.11 50,000 85,000 0.59 


of temperatures. Elongation and reduction of area, on 
the other hand, are very nearly the same for both steels. 
These ductility values are maintained at consistently 
high levels throughout the so-called ‘“‘blue brittle’’ range, 
which is of great importance in high temperature appli- 
cations. 

Manganese-vanadium steel has been used in a number 
of high temperature applications, such as firebox plate, 
successfully meeting a wide range of service conditions. 

5. Notch Toughness.—In his paper ‘‘Welded Locomo- 
tive Boilers,’’ H. L. Miller® has discussed the importance 
of notch toughness of boiler plate within the range 50 to 
400° F., and the welding properties of alloy steels in this 
type of application. He also reported the tensile and 
impact properties of different types of plate stock in the 
as-rolled condition and stress-relieved at 1125° F. The 
uniformity in properties of both longitudinal and trans- 


steel, but not for the other two types. 

plates from three heats each made by | | | 

a different producer. Specimens for | —{ 


the determinations were offset so as 
to include the surface of the plate. 


70,00 


4. Tensile Properties at Elevated 
Temperatures.— Tensile properties of 
manganese-vanadium and manganese- 
titamium-vanadium plate steel at 


60,000 


+——— —4 40% 


$0,000 


elevated temperatures are shown in 
Table 8, and are given in chart form 


40,000 


in Figs. 6 and 7. These values are 
the averages of short-time tensile 


30900 


testing results for nine heats of each 
steel. Similar data are not available 


PER CENT REDUCTION OF AREA AND ELONGATION 


YIELO POINT AND TENSILE STRENGTH POUND PER SQUARE INCH 


for manganese-titanium steel. 
A comparison of the data in the 
table or of the charts shows that 9000 


| 
both the tensile and yield strengths 


of the manganese-vanadium com- 
position are consistently a little 
higher than those of the manganese- 
titanium-vanadium over this range 
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EFFECT OF CARBIDE-STABILIZING ELEMENTS 


| 
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Fig. 6—Average Tensile Properties for Nine Heats of Mn-V Plate Steel at Elevated 


Temperatures 
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be used with success, depending op 
the remainder of the composition and 
also the steelmaking details.  Bycg. 
sive amounts of titanium, on the 
other hand, may reduce the Strength 
of the parent metal. 

Current costs of some of the carbide. 
stabilizing elements in forms normal), 
used for additions to steel, are giyey 
in Table 9. In considering they 
costs, the importance of the effects o 
each element upon the mechanica] 
properties of the parent metal again 
must be stressed. For example, aly. 
minum, the least costly in price per 
pound, often reduces the ductility o 
steel castings and their resistance 
to sudden impact; furthermore 


where parts are to be machined, the 


10% use of aluminum may substantially 
reduce tool life. Aluminum als 
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Temperatures 


Table 8—Tensile Properties of Mn-V and Mn-Ti-V Plate 
Steels at Elevated Temperatures (Each Value the Average 
of Nine Heats) 


Mn-V 
Reduction 
Yield Tensile Elongation of Area, 
Temp., °F. Point, Psi. Strength, Psi. in 2 In., % % 
70 65,000 84,300 29.7 64.9 
250 59,400 78,200 28.7 64.8 
400 54,900 77,700 26.5 62.0 
550 48,300 79,900 27.2 59.1 
700 48,600 77,600 31.0 65.1 
800 48,300 71,900 30.0 71.0 
900 44,000 63,900 31.0 72.0 
1000 41,300 52,600 31.1 65.2 
1100 33,900 42,100 33.7 64.1 
1200 27,000 32,300 40.3 73.8 
Mn-Ti-V 

70 58,400 77,800 30.4 66.4 
250 54,000 72,100 30.2 66.9 
400 « 50,800 73,300 25.7 60.7 
550 44,000 76,700 25.8 58.9 
700 41,000 73,200 29.2 60.5 
800 41,700 65,200 36.9 70.5 
900 37,700 58,500 29.3 59.8 
1000 36,290 48,000 31.7 63.5 
1100 29,000 37,100 35.7 64.4 
1200 23,000 27,700 43.9 75.7 


verse tests of the manganese-vanadium composition was 
outstanding. The high ductility which is characteristic 
of this type of steel is easily apparent in his comparison 
with properties of other types of plate steel. 


IV. Conclusion 


In conclusion, there are a number of carbide-stabilizing 
elements which can be used to improve the weldability of 
steel, especially high-strength steels. Satisfactory re- 
sults may be obtained by careful selection from this 
group, with due consideration for the properties of the in- 
dividual elements. For example, the amount of vana- 
dium used to improve the welding properties of low-alloy 
steels, in most cases should be maintained between 0.10 
and 0.20%, since larger additions may increase the tend- 
ency of the weldment to harden. Smaller amounts may 
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Fig. 7—Average Tensile Properties for Nine Heats of Mn-Ti-V Plate Steel at Elevated 
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promotes banding which is in many 
cases objectionable. 

Compositions of low inherent welda- 
bility actually may be improved s 
as to be satisfactory for welding 


100 1200 


Table 9—Current Prices of Some Carbide-Stabilizing 


Elements 
Aluminum $0.16 per Ib. 
Columbium $2.50 per Ib. 
Titanium $1.23 per Ib. 
Vanadium $2.70 per Ib. 


Zirconium $0 .425 per Ib. 


applications by the addition of the proper carbide-stabi 
lizer. While the low chromium steels are not usually 
considered to possess satisfactory welding properties, hol- 
low propeller blades have been satisfactorily fabricated 
by welding light gage, chromium-vanadium sheets, and 
have given excellent service. Furthermore, the weld- 
ability of steels possessing high hardenability, such as the 
nickel-molybdenum types, may be greatly improved by 
these elements. 

Our appreciation of the significance of welded struc- 
tures in engineering design and production is constantly 
increasing. As the scope of welded applications is ex- 
tended, however, new problems arise together with new 
demands for materials having better welding properties. 
Improving the weldability of steel by means of carbide- 
stabilizing elements, is a step toward meeting these de- 
mands. 
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Discussion “Effects of 

Section Size on the 

Static Notch Bar Tensile 

Properties of Mild Steel 
Plate” 


By Finn Jonassent 


HE authors have called attention to the large 
scale specimens that are Being tested as part of the 
ship structure investigation currently sponsored by 
the Ship Structure Committee.! Flat plate specimens */, 
in. thick and ranging in width from 12 to 108 in. have been 
tested statically at various temperatures.” These 
specimens contain central transverse notches that re- 


+ Paper by W. F. Brown, Jr., and others, Tak WeLpiInc JourRNAL, 26 (10), 
Research Suppl., 554-s (1947). ‘ 
+ National Research Council, Washington, D. C. 


in. 


move one-fourth of the central area, see Fig. 1. The 
findings of these investigations indicate that the loads 
and the corresponding average or nominal fracture stresses 
are in many cases far below those usually associated with 
medium steels based on standard coupon tests, see Fig. 2. 

It thus becomes increasingly important to know how 
such materials behave in prototype proportions in the 
presence of stress raisers and constraint simulating actual 
conditions, particularly when these conditions are further 
aggravated by low temperature or high strain rates. 

In consequence, full scale tests are of definite practical 
importance. Until all the factors surrounding the so- 
called ‘‘scale effects’’ become known, model tests may 
often indicate adequate designs which fail when con- 
structed full size. 
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Fig. 2—Variation in Nominal Stress 
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Noteon the Influence of 
CaCO, Additions to the 
Electrode Coating on 
the Composition of the 
Arc Atmosphere 


By Manley W. Mallett* 


composition of the arc atmosphere, generated when 

welding with coated welding electrodes, is governed 
by the water-gas equilibrium at about 1500-1800° C. 
Van den Blink,’ by a mathematical treatment of these 
equilibrium data, has shown that additions of water to 
the electrode coating do not necessarily increase the 
partial pressure of hydrogen in the arc atmosphere and 
thus the hydrogen content of the weld metal. In fact, 
the calculations indicate that (for the electrodes under 
consideration) additions of moisture to the coafings of 
electrodes with other than the CaCO;-type coatings 
actually decrease the partial pressure of hydrogen in the 
arc atmosphere. 

It is interesting to extend this approach and determine 
what happens when CO, is added to the arc atmosphere, 
since this is the only other constitutent of the equilibrium 
which is readily increased by addition (in this case CaCOs) 
to the electrode coating. 

Let us assume the equilibrium (water-gas) reaction 

H,0 + CO@H; + CO, (I) 
to be established at constant values of pressure and 
temperature. Then, if the total amount of one of the 
component gases is increased, a portion of it will react to 


re-establish the equilibrium. Van den Blink’ has de- 
rived the function 


I: A previous publication,' it was shown that the 


1 1 1 1 
Pest 


* Research Engineer, Battelle Memorial Institute, Columbus, Ohio. 


F,=1- 


ete., but its primary effect on the arc atmosphere is to 


which expresses the conditions necessary’ for the partial 
pressure of H; to increase as a result of an addition of Ho 
to the arc atmosphere. In a similar manner, function 
can be derived indicating the effects of other dilutents » 


1 
F, = 1 — Puo-P 
n,0°-P co + Poo + Pu, + 
(IIT) 
if H,O is to increase because of an addition of COs. This 
same function also applies to the effect of H.O additions 
on the partial pressure of CO.. Likewise, 


1 1 1 1 
F; = 1—Poo-P 
3 co cof Pao Poo + Pu, + 


he limit 
jectrode 
rc atmo: 


if CO is to be increased by an addition of COs. 

The numerical values of the above functions (F), ¢). 
culated for the compositions used in demonstrating the 
equilibrium conditions obtained in the are atmosphere 
are listed in the table below. 

The functions are so expressed that positive values 
indicate an increase in the partial pressure of the affected 
component. In using these data, it is well to keep in 
mind van den Blink’s observation, that such functions 
indicate only the direction of pressure changes after the 
first infinitesimally small addition of adilutent. Addition 
of CaCO; to an electrode coating may have a number of 
effects on the slag, operating characteristics of the are. 


supply CO;. Upon inspection of the equilibrium reaction 
(Equation I) it becomes obvious that any increase in the 
volume of CO, will always reduce the partial pressure of 
by (a) dilution and (4) oxidation of H, to H.O. Simi. 
larly, additions of H,O always reduce the partial pressure 
of CO. This explains, in part, the remarkable results 


syste! 

obtained by using CaCO;-coated electrodes to minimize The 
weldment cracking attributable to hydrogen. The Jof th 
potential H, of these electrodes is initially low and the J meta 
direction of the reaction is such that the proportion of J bead: 
elemental H: produced is kept at a minimum. the | 
The values for F; (see table) show that additions of JJ critic 
CO, to any of the electrodes listed will result in an in- In 
crease in the proportion of H,O, and conversely, additions JJ mov 
of H,O will increase the partial pressure of CO». tizat 
The values of F; indicate that addition of CO, will in- tion: 
crease the partial pressure of CO in the atmospheres of stee 
the E6010, E6013 and E6020 electrodes, but decreases the mol 
proportion of CO in atmospheres of a number of CaC0O;s tiza 


coated electrodes. Although certain general conclusion- wit] 


Electrode 
Name Type Pro PH: 

E6010t 0.162 0.407 
Xy E6013 0.172 0.367 
X; E6020 0.206 0.414 
X, Experimental LHLCtf 0.090 0.192 
X; Experimental LHLCf{ 0.104 0.169 
Xe Experimental LHLCt 0.122 0.154 
X Experimental LHLCtf 0.174 0.107 
Xs Experimental LHLCtf 0.082 0.075 
Experimental LHLCt 0.081 0.106 
X10 Commercial LHLCf 0.081 0.087 
Xu Commercial LHLCt 0.021 0.021 
Xi Experimental LHLCT 0.015 0.018 

Larsen’s datat 0.056 0.512 


* Conditions for the various functions: Fi, H; added and producing a change in H2O partial pressure; /,, CO; added and producing 
a change in H,O partial pressure or H,O added and producing a change in CO, partial pressure; F;, CO, added and producing a change 10 


CO partial pressure. 
+ Cellulose-type coating. 
t Low-hydrogen lime coated. 


Poor F,* F,* F;* 
0.394 0.027 —2.1 +0.79 + 0.49 
0.423 0.038 —1.3 +0.76 + 0.40 
0.342 0.038 =2.1 +0.71 + 0.53 
0.634 0.084 ° +0.49 +0.77 — 0.59 
0.613 0.114 +0.54 +0.69 — 0.82 
0.595 0.129 +0.55 +0.60 — 0.93 
0.499 0.220 +0.60 +0.16 — 1.4 
0.684 0.159 +0.80 +0.57 — 2.6 
0.686 0.127 +0.73 +0.68 — 1.7 
0.690 0.142 +0.74 +0.63 — 2.1 
0.771 0.187 +0.95 +0.60 —13.7 
0.798: 0.169 +0.96 +0.67 —16.5 
0.421 0.011 —2.2 +0.93 + 0.48 
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» be reached concerning the effects of CaCO; (CO,) 
4 H,O additions to the are atmospheres of the various 
veces of electrodes, it would seem prudent, because of 
be jimited data presently available, to examine each 
ectrode separately on the basis of the composition of its 


atmosphere. 


References 


1. Mallett, M. W., “The Water-Gas Reaction Applied to Welding-Are- 
Atmospheres,”” Tat WELDING JouRNAL, 25 (7), 396-s (1946). 


2. Van den Blink, W. P., ““Note on the Influence of the Water-Content of 
an Electrode-Coating on the Hydrogen-Content of Weld Metal,” /bid., 26 
(7), 369-s (1947), 


Graphitization and Failure of Steel in 
Service 


EARLY five years ago, the power plant industry 
[ was startled by a failure in a welded carbon 
molybdenum steel pipe which was part of a 
system operating at 1250 psi. and slightly above 900° F. 
The fracture occurred circumferentially at the far edge 
of the heat-affected band adjoining the weld in the base 
metal and followed the contour of the deposited weld 
beads. The fracture line corresponded to that zone in 
the base metal which had been reheated to the lower 
critical temperature during the multiple bead welding.’ 
Intensive investigation of hundreds of samples re- 
moved from service and fundamental research on graphi- 
tization in various laboratories under controlled condi- 
tions lead to the following conclusions. Plain carbon 
steels graphitize at lower temperatures than carbon 
molybdenum steels. Steels that showed marked graphi- 
tization in service were found to have been deoxidized 
with relatively large quantities ef aluminum (about 1'/2 
lb. per ton or more) during the steel melting operation. 
Graphitization is due to the slow decomposition of iron 
carbide in the steel structure under operating conditions. 
The carbon in these steels is normally combined chemi- 
cally with iron in the ratio represented by the formula 
Fe;C. The gradual decomposition of this compound at 
temperatures above 850° F. results in the separation of 
the carbon as graphite. The latter may occur as fine or 
coarse nodules or in chain-like form. Chain graphite is 
especially dangerous because it lowers the strength and 
shock resistance of the material. The dramatic failure 


* Taken from Dec. 15, 1947 issue of Tempil°® Topics. 

' See Tempil® “Basic Guide to Ferrous Metallurgy” for definition and bound- 
ary of lower critical temperature. This 16 x 21-in. plastic-laminated wall 
chart in colors is available on request without charge. 


in the carbon molybdenum steel line was traced to chain 
graphite formation. No method of heat treatment is 
known which will dissolve the graphite or cause it to 
recombine with the iron to restore strength and ductility 
to the affected part.. Therefore, when such a condition 
is discovered, the’section or joint must be replaced. 

The prevention of graphitization consists of adding 
sufficient chromium to the steel in steel-making to ‘‘tie- 
up”’ the carbon in a form less likely to decompose under 
service conditions. Moreover, aluminum additions to 
the steel during manufacture are held to a minimum. 
Today the user of high temperature piping has his choice 
of a number of steels containing '/: to 2'/,% chromium 
together with a molbydenum content of '/, or 1% for 
resistance to graphitization. 

A recommended safeguard against eventual graphitiza- 
tion consists of proper preheating and stress relieving 
when welding these steels.2 The higher the preheat 
temperature within practical limits (400 to 650° F.*) and 
the wider the heat-affected band, the less the tendency 
toward graphitization. Even more important, the 
higher the stress-relieving temperature below the critical 
range,‘ and the longer the time of heating, the more 
effective the stress-relieving treatment is. Modern prac- 
tice prescribes heating between 1300 and 1400° F. for 4 
hr., as adequate stress relieving to minimize the risk of 
subsequent slow graphitization.’ 

2 See paper on “Influence of Heat Treatment Upon the Susceptibility to 
Graphitization of High Aluminum Deoxidized Carbon-Molybdenum Steel,’ 
F. Eberle, Tus WeLpinc JourNAL, 25, (5), Research Suppl., 307-s to 312-s 
(  Tempilstiks® are a convenient way of checking temperatures in this range. 
Sample Tempil® Pellets are available on request 


4See Tempil® “Basic Guide to Ferrous Metallurgy” 
boundaries of critical range. 
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Hydrogen Embrittlement in Oxyacety. 
- lene Pressure Welding? 


By K. B. Young and H. J. Nichols 


Abstract 


Many articles have appeared in recent years dealing with oxy- 
acetylene pressure welding of various plain-carbon and alloy steels. 
In an investigation of unsatisfactory pressure welds of concrete 
reinforcing bars, preliminary qualitative tests indicated that 
brittleness of the material may result from Jocalized heating with 
a slightly reducing flame, followed by air cooling. It is hoped 
that publication of this work will stimulate discussion, and perhaps 
research, to throw further light on the problem. 


Introduction 


is rerolled into concrete reinforcing bars. In 

small rerolling mills limited run-out tables re- 
strict the length of the bar that can be produced. Where 
construction jobs require long lengths of reinforcing bar, 
mechanical means are used to join one or more lengths. 
As an alternative method of joining, pressure welding has 
certain inherent advantages such as high-production rates 
and inexpensive operation. 

A Canadian company, interested in the pressure weld- 
ing of reinforcing bars, encountered difficulty in deter- 
mining the procedure necessary to produce satisfactory 
welds. Since reinforcing bars are frequently bent in in- 
stallation, an acceptance bend test of 180° around a 4-in.- 
diameter former was specified for welded 1-in. diameter 
bars. However, when subjected to this test the experi- 
mental welds yielded inconsistent results. A few pieces 
passed satisfactorily but the great majority failed at the 
interface, the path of fracture being half in the interface 
and half in the heat-affected zone (see Fig. 1). In all 
cases a standard welding technique was used. 


\ CONSIDERABLE tonnage of scrap railroad rail 


Procedure 


All material used in the experimental welds had been 
rolled from the same rail and was of the following com- 
position : 


The end portions of the bend test specimens shown in 
Fig. 1 were subjected to further bend tests. All such 
samples were bent to an angle of deflection of at least 90° 


* Published by permission of the Director, Mines and Geology, Dept. of 
Mines and Resources, Ottawa, Canada. 

t Metallurgical Engineers, Physical Metallurgy Research Labs., Div. of 
Mineral Dressing and Metallurgy, Bureau of Mines, Ottawa. 
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without failure around the 4-in. diameter former. The 
tests served to concentrate attention on the weld area, 
and a metallurgical investigation was undertaken to de. 
termine the cause of low ductility of the welds. 

Specialized etching reagents" ? revealed the presence of 
oxides, voids and an oxygen-enriched area at the weld 
interface (see Figs. 3 and 4). This undesirable condition 
results from unsatisfactory surface preparation, lack oj 
cleanliness at the weld plane, or insufficient upset to dis. 
rupt the oxygen-rich film.* Consequently, both weld 
strength and ductility are impaired. However, in view of 
the extremely small angle of deflection obtained befor, 
fracture occurred, even with the upset machined off, jt 
was felt that the undesirable interface characteristics 
might be masking the effect of another factor. 


Fig. 1—Fractured Bend Test Specimens 


Upset machined off. Note fractures beginning at interface and 
de 


spreading to heat-affected zone. Note, also, small angle o! 
flection. 
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Fig. 2—-Bend Tests on Unwelded Bars 


Bend tests on ends of samples shown in Fig. 1. 


Note large angle 
of deflection without failure. 


* Further metallurgical investigation yielded negative 
results. No evidence of burning, hot shortness or surface 
rupturing was detected. Machine normalizing (reheating 
in the welding machine to above the upper critical, and 
air cooling), while effective with respect to grain refine- 
ment, did not significantly improve the ductility as 
measured by the bend test. 

Hardness surveys were made along the center line of 
longitudinal sections of both as-welded and machine- 
normalized test bars. No undue hardening had occurred 
in the heat-affected zones, the hardness range of 290-330 
V.P.N. indicating that the cooling rate from both welding 
and normalizing temperatures had not exceeded the 
critical cooling rate. 


Additional Tests 


Samples of unwelded, as-rolled material were heated 
over a length of 1'/, in. at their centers by a slightly re- 
ducing oxyacetylene flame. Upon reaching temperatures 
of 2150 and 2200° F., as measured by an optical py- 
rometer, the heating was discontinued and the samples 
allowed to cool in still air without restraint or upsetting. 
When cold, the samples were bent and all failed at an 
angle of deflection of approximately 10°. A third set of 
specimens were treated similarly with the exception that 


Fig. 3—WeldIn- & 

phosphoric acid, 


etched electro- 
lytically. 


HYDROGEN EMBRITTLEMENT IN PRESSURE WELDING 


their centers were induction heated. After air cooling, 
these tests exceeded 90° without failure on bending. 

Fifteen bars, 6 x '/. in. diameter, were machined from 
scrap ends of tests and annealed at 1500° F. This treat- 
ment was done to eliminate the effects of previous heat 
treatments and to bring all the material to a common 
grain size and structure. After annealing, the samples 
were divided into three equal groups and treated as 
follows: 


1. Bent in the annealed condition. 

2. Locally heated at the center to 2200° F. with an 

oxyacetylene torch using a slightly reducing 

flame, cooled in air and bent. 

3. Treated as in (2) but reannealed at 1500° F. before 
bending. 


All bend tests on these samples were on 5-in. centers 
using a l-in. radius mandrel. Figures 5, 6 and 7 are 
photographs showing these three groups after bending. 
The following table lists the angle of deflection at fracture 
for the three groups: 


Max. Angle of 

Group Sample Applied Deflection After 
No. No. Load, Lb. Fracture, Deg. 

1 (Fig. 5) 1 2500 20 

2 2900 30 

3 2800 20 

4 2850 30 

5 2750 20 

2 (Fig. 6) 1 2350 2 

3 2400 5 

3 2800 5 

4 2300 10 

5 2150 0 

3 (Fig. 7) l 2300 20 

2 2800 45 

3 2500 20 

4 2600 20 

5 2700 45 


Gas analysis of two samples revealed considerable 
difference in hydrogen content. One sample was from 
the parent material and the other from the center section 
of a bar locally heated to 2200° F. with an oxyacetylene 
flame. The analysis of this latter sample was made within 
24 hr. after heating. Both samples, of equal weight and 
volume, were analyzed by the vacuum diffusion method 
with the following results: 


Hydrogen Test 
Content, © Accuracy, %% 
Parent material 0.0000075 +15 
Flame-heated sample 0.000035 
é 
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Fig. 5—0.500-In. Diam. Test Bars—Bent After Annealing 


Summary 


1. Localized heating with a slightly reducing oxy- 
acetylene flame induced brittleness in the test bars. 

2. Subsequent annealing restored the ductility. 

‘3. Gas analysis indicated a definite increase in the 
hydrogen content of the steel after it had been heated in 
the reducing flame. This gas absorption apparently re- 
sulted in embrittlement of the metal. 


Fig. 6—0.500-In. Diam. Test Bars 


Same as Fig. 5, but locally heated to 2200° F. in a slightly re- 
ducing flame, air cooled and bent. 


Fig. 7—0.500-In. Test Bars 
Same as Fig. 6, but reannealed before bending 


Discussion 


The results reported herein indicate that the method of 
heating is responsible, at least in part, for the brittleness 
detected at the weld areas. Impairment of ductility by 
oxidation of the interface is not believed to be an ade. 
quate explanation of the poor bend test results. The 
only feature of the heating method to which embrittle- 
ment of the steel may be attributed appears to be the 
hydrogen present in the flame and in the products of 
combustion. 

Restoration of ductility by annealing the embrittled 
samples lends support to the hypothesis suggested, since 
this treatment would tend to reject absorbed hydrogen. 
It is recognized that hydrogen elimation can be ac- 
complished effectively by heating to temperatures below 
the lower critical of the steel. The annealing treatment 
was selected for uniformity of treatment to permit 
direct comparison with other test results. 

Regardless of any question respecting the absolute 
accuracy with which hydrogen may be determined by 
vacuum diffusion, the evidence indicates that hydrogen 
was actually absorbed when the steel was heated in the 
reducing flame. The literature reveals considerable 
divergence of opinion with respect to the amount oi 
hydrogen that the sensitive rail steel can tolerate. Thus 
being the case, dogmatic interpretation of the increase oi 
hydrogen content reported herein is unwarranted. 

Although this investigation was not Sufficiently ex- 
haustive to constitute conclusive proof, the evidence 
which was found is believed worthy of consideration. |t 
is presented in the hope that it may prove interesting to 
those who may wish to use oxyacetylene pressure welding 
as a fabricating tool. 
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The Work of the Ship Structures 
Committee 


By Rear Admiral Ellis Reed-Hill, U.S.C.G.t 


WELDING Society, at Atlantic City, an announce- 

ment was made of the forthcoming publication of 
the ‘Final Report of the Board to Investigate the Design 
and Methods of Construction of Welded Steel Merchant 
Vessels.” 

The presentation of the Report to the Secretary of the 
Navy marked the termination of a Board which had 
been appointed in 1943 to inquire into the structural 
failures which had begun to occur in welded ships at that 
time. 

The Report has been distributed. From my knowl- 
edge of the extent of distribution, I believe that most of 
those present either have received copies or have had 
access to them. 

Both the Announcement made at your meeting last 
year and the Report itself state that the valuable work 
which was begun under the guidance of the Board was 
not to be permitted to terminate, but was to be con- 
tinued by a new group, officially designated as the Ship 
Structure Committee and consisting of essentially the 
same membership as the Board which it succeeded. 


The Ship Structure Committee was duly constituted 
in July 1946, comprising the same member agencies as 
were represented in the old Board, viz., the Bureau of 
Ships and Office of Naval Research, U. S. Navy; the 
U.S. Coast Guard; the U. S. Maritime Commission; 
and the American Bureau of Shipping. Very recently 
the Transportation Corps, U. S. Army, accepted mem- 
vership in the Ship Structure Committee thus further 
rounding out the representation of maritime agencies 
in the group. 

The Ship Structure Committee functions under a 
much broader commission than did its predecessor, the 
Soard to Investigate the Design and Methods of Con- 
‘truction of Welded Steel Merchant Vessels. Whereas 
the latter confined its efforts to welded ships and the cir- 
‘umstances accompanying fractures therein, the Ship 
structure Committee is charged with the larger responsi- 


AST year, at the Annual Meeting of the AMERICAN 


Ph Introduction presented at opening Ship Structure Research Session 
é anual Meeting, A.W.S., Chicago, Ill., week of Oct. 19, 1947. 
Chairman, Ship Structure Committee. 


bility of ‘prosecuting a research program to improve the 
hull structures of ships by an extension of knowledge 
pertaining to design, materials and methods of fabrica- 
tion.’’ This objective covers ali types of vessels. Thus 
the new body is not restricted in its studies to any par- 
ticular type or class of vessels but may concern itself 
with steel, aluminum, wooden, plastic or any other kind 
of ship, whether she be riveted, welded, nailed or glued 
together. 

In the course of the 3 yrs. of investigation conducted 
by the old Board, much valuable work was accomplished 
in the field of scientific research on such subjects as: 


Residual Stresses in Ship. Welding 

Evaluation of Factors Affecting Crack Sensitivity of 
Welded Joints 

Behavior of Steel Under Multi-Axial Stresses 

Cleavage Fracture of Ship Steel as Influenced by Size 
Effect, Design and Metallurgical Factors 

Correlation of Laboratory Tests with Full Scale Plate 
Fracture Tests 

Fatigue Tests of Ship Welds 


and many others. Some of these studies are being con- 
tinued today under the sponsorship of the Ship Structure 
Committee. Other new studies have been initiated by 
the Ship Structure Committee to Investigate the Effect 
of Welding on Structural Performance. 

Future studies are contemplated on such subjects as: 


Riveted versus Welded Structures 
Study of Strains in Ships at Sea 
Structural Tests of Ships 
Cracking and Distortion 


Some of the work first mentioned has been completed, 
and written reports have been released. Almost without 
exception these reports have attracted wide attention and 
have been reviewed with great interest throughout the 
engineering profession. To most practicing engineers 
many of the results are startling, and some are revolu- 
tionary. Some members of the Shipbuilding and Weld- 
ing professions may refuse to accept certain conclusions 
reached by the investigators. This is inevitable, but let 


it be said here that every conclusion drawn is well sub- 
stantiated by experimental evidence. 
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search and tell you of the results. 


Some of the information contained in the papers which 
are presented here today has been published previously, 
but most of the subject matter is being publicly presented 
I hope that you will find it interesting 


for the first time. 
and instructive. 


The Ship Structure Committee is deeply grateful to 
the AMERICAN WELDING Socrety for setting aside this 
day’s program and arranging the 


Synopsis 


This paper describes the methods of 
testing and presents the results of tests on 
twelve welded 20-in. diam. by 10-ft. long 
tubes made of hull-quality steel. The 
tubes were formed by welding together 
along two longitudinal seams, two semi- 
cylindrical pieces of */,-in. thick plate. 
One tube was tested as-formed and as- 
welded. The plates for eight tubes were 
given a stress-relief heat treatment after 
forming, but the residual stresses due to 
welding remained in the finished tubes. 
Three of the tubes were given a stress- 
relief heat treatment after welding. 
Various ratios of longitudinal to circum- 
ferential stresses were used, being con- 
trolled by the use of internal hydraulic 
pressure and external axial tensile loading. 
Tests were made at 70° F. and —40° F. 

In addition to the data from the tube 
tests, the results of various supplementary 
tests made to study fracture phenomena 
observed during the tube tests are in- 
cluded. 

The strength and ductility of the tubes 
varied over wide ranges, and were found 
to be influenced by the temperature at 
time of test, the orientation of the major 
stress with respect to the direction of the 
welds, and the metallurgical conditions 
associated with the welding. The strength 
and ductility of the coupons of the steel 


were found to be no criterion of the be- © 


havior of the tubes. The tendency to- 
ward brittle cleavage fractures was much 
more pronounced at —40° F. than at 70° 


* Professor of Civil Engineering, Associate 
Professor of Physical Metallurgy, Associate Pro- 
fessor of Civil Engineering, Associate Professor of 
Mechanical Engineering, respectively, University 
of California. 

+ For complete results and data of the tests 
described herein, see Refs. 1 and 2. 

t Opinions expressed in this paper are those of 
the writers and in no way represent those of the 
Navy Department. 


Today you are being addressed by some of the scien- 
tists and engineers who have contributed to this valuable 
work. You are hearing them describe some of their re- 


“Ship Structure 


The Effect of Temperature and 
Welding Conditions on the 
Strength of Large Welded 


Tubes 


By G. E. Troxell,* E. R. Parker,* H. E. Davis* and A. Boodberg* 


F.; at the lower temperature some of the 
tubes failed after only a few per cent re- 
duction in wall thickness. The metallur- 
gical structure of the material in the weld 
zone appeared to have a most important 
influence upon the tendency of the welded 
structure to fail in a brittle manner. Heat 
treatment after welding markedly im- 
proved the strength and ductility in the 
tests at —40° F.; the beneficial effect was 
attributed primarily to a favorable altera- 
tion of the metallurgical structure in the 
weld zone, rather than directly to elimina- 
tion of the residual welding stresses. It 
was observed that cleavage fractures may 
take place after relatively large amounts of 
plastic flow have occurred, and hence 
cleavage fractures are not always asso- 
ciated with brittle behavior 


Introduction 


HIS paper describes a portion of the 

experimental work on large welded 
tubes, conducted by the University of 
California under a contract with the 
Office of Scientific Research and Develop- 
ment.f Some of the work was completed 
under a contract with the Bureau of Ships, 
U. S. Navy Department.{f The gen- 
eral purpose of the work was to investigate 
the causes of the brittle behavior of mild 
steel, with particular reference to the 
effect of residual stresses due to welding. 
An important part of the study was to 
determine the behavior of steel under 
conditions of multiaxial stress and the 
effects of welding procedures and testing 
temperatures on this behavior. 

The decision to investigate the influence 
of multiaxial stress conditions upon be- 
havior of steel resulted originally from 
suggestions made by the Special Research 
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Symposium’ which is being presented here tod 

The Ship Structure Committee maintains c|. | 
with the Welding Research Council, American [roy »,, 
Steel Institute, the Society of Naval Architects .,) 
Marine Engineers and other agencies interested in wey, 
ing, steel and ship building. 

It is hoped that through such valuable contacts 
by means of further gatherings, such as this, it wij }, 
possible for the Ship Structure Committee to impleme, 
its mission to ‘Disseminate pertinent information to ,) 
parties having an interest in the building and Operating 
of ships and to research investigators.”’ ’ 


S€ liajsoy 


ld- 


Committee on Plastic Flow of Metals of 
the American Society of Mechanical 
Engineers. The general outlines of | 
research program were developed by 
advisory subcommittee of the War Met: 
lurgy Committee. The principal feature 
of the investigation were arranged at 

ferences between representatives of ' 
War Metallurgy Committee and rep: 
sentatives of the University of Californa 

The principal studies reported he 

were conducted on 20-in. diam. by 10-t 


long welded tubes made of */,-in. thick 


ship plate. Tubular specimens 1 
chosen for the tests because various rat 
of the principal stresses could be obtai 
through the use of appropriate combina 
tions of internal pressure and exter 
axial load. Large tubes were employ 
‘so that the effects of welding could 
studied on a structure having plat 
ordinary thickness. In addition to! 
tests on large tubes, a number of sup 
mentary experiments were made in or 
to provide information concerning t 


effect of residual stresses on the mode «! 


fracture. 


Experimental Work 


Test Conditions 


The variables included in the progra 
of tests on the large tubes were 


biaxial stress ratio, (b) temperature “ 
time of test and (c) the condition of 


treatment of the specimen during {abr 
tion. The ratios of circumferettial 
longitudinal stress were 2, 1 and ' 
stress ratios of 2 and 1, specimens " 
tested at both 70° F. and —40° | 


the stress ratio of '/:, tests were mace ® 


Dor 


a 
2 
» 
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Reduction 


20-In. Diarmeter Tubes 
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Table 1—Summary of Test Results 
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FOR AXIAL LOAD AND INTERNAL PRESSURE 


\ 
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FOR INTERNAL PRESSURE ONLY 


Fig. 1—End Connections 


—40° F. only. These conditions of test 
are summarized in Table 1. 

In the fabrication of tubular specimens 
from flat plate, residual stresses due both 
to forming and to welding are induced. 
To control the possible effects of these 
stresses upon the behavior of the tubes 
under test, the following heat treatments 
were employed: 

(a) One specimen—no heat treatment. 

(b) Eight specimens—formed plates 
stress relieved before welding. The heat 
treatment consisted of heating at 1100° F. 
for 8 hr., followed by cooling to 400° F. 
in the furnace at the rate of 50° per hour, 
and then cooling in air. These specimens 
contained residual stresses due to welding 
alone. 

(c) Three specimens—tubes stress re- 
lieved both before and after welding. The 
heat treatment after forming, but before 
welding, was the same as that described 
above. The postwelding heat treatment 
consisted of heating at 1100° F. for 6 
hr., followed by cooling to 400° F. in the 
furnace at the rate of 50° per hour, and 
then cooling in air. It should be noted in 
passing that the heat treatment sub- 
sequent to welding not only reduces the 
residual stresses to a small magnitude, but 
also produces changes in the metallurgical 
structure and properties of the material in 
the weld zone. 


$-GAL. TRANSFER CHAMBER 
SH/ELO 


-PISTON PRESSURE 
10,000 PS! 


Material 


The steel was a semikilled steel produced 
by the Carnegie-Illinois Steel Corp. to 
meet the requirements of the American 
Bureau of Shipping Specification for hull 


WELD GROUND 
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Fabrication of Tubes 


The tubes, which were formed, wel. 
and heat treated by the Combyc,. 
Engineering Co. at Chattanooya, Ten. 
were hollow cylinders 20 in. in oy: 
diameter and 10 ft. Jong, with two jon: 
tudinal welded seams 180° apart. p,, 


Ea 


half of each cylinder was formed fro , 
3/,-in. thick plate, trimmed so a ,, 
produce the required dimensions af. 
forming and welding. The axis of 
cylinder was parallel to the direction 


rolling of the plate. The maximum oy 

of-roundness of any section measured 

any tube was 0.25 in. 
The longitudinal welds were double 


Class 1 boiler welds, made with tye 


6020 electrode, except for specimen 

which was welded with NRC-2A, ferris; 
type electrode. The welding sequey 
was as follows: One pass welded on oy 
side of both seams to hold the half-roy 
plates in position, followed by the befo; 
welding heat treatment (whenever sched. 


Va USH 20" 
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Fig. 2—Transition Ring and Wire Wrapping 


steel. It was furnished in the form of 
3/,- X 75- X 120-in. flat plates, rolled in a 
50-ton lot from a single heat. The chem- 
ical analysis and mechanical properties 
of the steel are given in Table 2. 
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Fig. 3—Piping Diagram 
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uled); inside welded entirely; outst 
welds chipped to clean metal; outside 
welded entirely. Weld reinforcement was 
kept small and in no case exceeded 

in height. Welding was subjected t 
100% X-ray examination. Defects 
when detected, were chipped out, and 
the weld was then repaired. Tubs 
scheduled for treatment subsequent 1 
welding were then heat treated. 


‘Preparation of Tubes for Testing 


For three of the specimens (A, B, 5 
which were tested with a ratio of circum 
ferential to longitudinal stress of 2, 1 
under internal pressure only, a standar 
semielliptical head, designed accor(ing 
to the A.S.M.E.-A.P.I. code, was use 
to close each end of a tube, as shown 
Fig. 1. The weld joining the head t 
tube was a V-weld, built up from the out 
side. 

For the specimens which were to © 
tested under a combination of axial |0a 
and internal pressure, special end coh 
nections were designed and manufacture 
As shown in Fig. 1, each end connecti 
originally consisted of a heavy pullisg 
head, which was welded to the speci 
and a spherically seated pulling spud wii! 
was engaged by the testing machine. 45 
the tests progressed, premature failures “ 
or near an end connection made it mec’ 
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Fig. 4—Sections of Apparatus for Tests at Low Temperature 
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Fig. 5—Clip Gages 


sary to develop a transition ring and a 
method of wrapping the end of the speci- 
men with wire to reduce the stresses near 
the ends of the tube so that the fractures, 
would occur near the mid-section of the 
tube. Details of the transition section 
are shown in Fig. 2. The transition 
ring provided a gradual taper from a 
3/,-in. wall thickness at the tube end to a 
1'/;-in. thickness at the other end where 
it was welded to the heavy forging used 
as a pulling head. The double-V weld 
joining the ring to the tube was deposited 
from both inside and outside. The weld 
joining the ring to the pulling head was of 
the single-V type and was made from the 
outside. All welds joining the tube and 
end connections were ground flush. On 
the specimens which were wound with 
wire, the longitudinal welds were also 
ground flush over the length covered by 
the wire wrapping. 

The wire wrapping was 8 layers thick 
near the thin end of the transition ring 
and was tapered to one layer at the ends 
of the wrapping; the inner end of the 
wrapping was 17 in. from the end of the 
tube as shown in Fig. 2. The total 
number of turns was about 1100. The 
wire was 0.070 in diameter; it had a 
yield strength of 48,000 psi. and an ul- 
timate strength of 70,000 psi. It was 
wrapped under a tension of about 8000 
psi. by turning the specimen in a large 
lathe. 


Loading 


Internal pressure was applied to the 
tubes by means of a three-cylinder water 
pump capable of developing pressures up 
to 8000 psi. The piping arrangement is 
shown in Fig. 3. For the tests at room 
temperature, water was used throughout 
the pressure system. For the tests at 
—40° F., methyl alcohol was used as a 
loading fluid, in which case water from the 
pump was forced into a transfer cylinder 
which was filled with alcohol at the be- 
ginning of a test. In order to reduce the 
quantity of fluid under pressure, and hence 
to reduce the potential energy of the 
system at the time of rupture of a speci- 
men, three 16- X 36-in. concrete cylinders 
jacketed with sheet metal, were placed 
within each tube prior to welding on the 
end connections or heads. 

Specimens A, B and H, which were 
subjected to internal pressure only, were 
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Fig. 6—Location of SR-4 and Clip Gages on Large Tubuls 


mounted horizontally on a supporting 
rack on the floor. 

The remaining specimens, which were 
subjected to axial load as well as internal 
pressure, were mounted in a precision 
hydraulic testing machine having a capa- 
city in tension of 3,000,000 lb. In order 
to maintain the desired ratio of circum- 
ferential to axial stress throughout the 
progress of a test, charts were prepared so 
that the observed circumferential strains 
of a tube could be immediately translated 
into terms of required axial loads and in- 
ternal pressures. 


Temperature Control 


For the tests at —40° F. on specimens 
B, F, G, I, J, L, and O, there was con- 
structed a temperature control chamber, 
the details of which are shown in Fig. 4. 
Enclosing the assembly was a 4- X 4-ft. 
double-walled wood insulating chamber. 
Surrounding the specimen and spaced a 
short distance from it by several lugs was 
a cylindrical shield made of two pieces of 
1/,-in. steel plate. During test, the space 
between the shield and the insulating 
box was packed with dry ice. 

To control the temperature during 
test, thermocouples were fastened to the 
surface of a specimen at a number of 


Table 2—Properties of Plate Steel 


Mechanical properties: 
Yield point, 37,950 psi. 
Ultimate strength, 59,910 psi. 
Elongation in 2 in., 33.5% 
Deoxidization: 1'/; lb. of silicon per ton 
in the ladle and '/2 Ib. of aluminum per 
ton fed in the mold 


Finishing temperature: 1900° F. 
—Chemical Analysis, % 


Element at Mill at Berkeley* 
Carbon 0.23 0.228 
Sulphur 0.042 0.031 
Silicon 0.02 0.018 
Phosphorus 0.014 0.01 
Manganese 0.47 0.380 
Nickel Trace 
Aluminum 

Total 0.0125 

Inclusions 0.0118 (92% 

as Al,O; of available) 


* Average for samples from two plates. 
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Specimens 


points along its length and around } 
circumference. During test, the ¢ 
perature was manipulated by circula 
air from a blower through the space | 
tween the specimen and the metal shied 
(Fig. 4); the temperature of the circ 
ting air was controlled by passing jt 
through a chamber of dry ice or by ad 
mitting warm air from the room into the 
line. 

During the period of cooling, just prior 
to application of load, temperatures a] 
the specimen were equalized by circulating 
alcohol within the specimen by mear 
an auxiliary low-pressure 
pump, indicated in Fig. 3. 


centrifuga 


Strain Measurements 


To provide for measurements of strain 
within the elastic range, but primarily 
the detection of the beginning of | 
plastic range, Type A-1, SR-4 elect: 
resistance-wire strain gages were us 
It was found that these gages generally 
gave satisfactory indications up to strains 
of about 1% at room temperature, and 
about 0.5% at —40° F. 

For the measurement of strains between 
1 and 15%, specially constructed “cly 
gages were used. The clip gage, illus 
trated in Fig. 5, determined plast 
strains at the surface of a specimer 
based upon elastic strains indicated bya 
pair of Type A-1, SR-4 gages bonded t 
the inside and outside surfaces of the \- 


shaped spring-bronze clip, as the legs 0! 


the frame were separated by elongations 
of the metal of the specimen. Contact 
points at the base of each leg of 4 
gage were set in recesses in small brass 
lugs soldered to the surface of a specime! 

The gage iayout for one of the specimess 
is shown in Fig. 6. At each locatio! 
between the pair of lugs which support: 
the clip gage, an SR-4 gage was cement 
directly to the surface of the specimé 
Thus, provision was made for stra 
measurement in both the elastic 40 
plastic ranges. 

Through the use of specially develop 
panels of switches having low contac! 
resistance, conventional Baldwin out 
ark SR-4 strain indicators were employe 

To provide for the measuret 
residual strains after rupture, a rectats 
lar grid of 5-in. gage lines was lai 
most of the specimens with light 
punch marks. Near the welds, 
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Fig. 7—Strain Distribution in Specimen I After Rupture 
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gage lines supplemented the 5-in. lines 
on some of the specimens. A _ typical 
strain pattern as measured upon the grid 
is shown in Fig. 7. The possibility of 
the punch marks acting as ‘“‘stress- 
raisers” was considered, but it was found 
that their effect would be negligible. 
Actually, no fractures originated at a 
punch mark, even though some had ori- 
gins within '/, in. of a mark. After 
rupture of the specimen, the grid on most 
of the specimens was measured to 0.001 
in. by means of a specially designed 
dial-indicator strain gage. Also, after 
rupture of the specimen, the wall thick- 
nesses at intervals along the fracture 
were measured by means of a microme- 
ter caliper having a pointed anvil and 
a pointed spindle. 


Test Results 
Nature of the Tests and Test Results 


In the interpretation of the test results 
reported herein, recognition should be given 


_to the fact that the tubes on which 


these experiments were performed were 
not homogeneous isotropic test specimens. 
The tests were not intended to determine 
the properties of one material, taken by 
itself, but rather of a weldment. In 
effect, the tubes were structures, and their 
general behavior was conditioned by 
the characteristic action of the type of 
structure they represented. The value 
of tests on such a structure lies in the 
generalizations that may be drawn from 
a study of the action of the composite 
materials (weld and base metals) under 
the states of multiaxial stress that may 
be developed in a pressure vessel subjected 
to internal and external loads. 

Tubes such as those tested in this in- 
vestigation are nonhomogeneous in at 
least the following respects: 


(a) In composition and structure, be- 
cause the weld metal and the metal in 
the boundary zone between the weld 
metal and the plate metal are not the 
same as the parent plate metal. 

(b) In mechanical properties (at least 
in the tubes which were not heat treated 
after welding), because the weld metal, 
and the plate metal in the region close 
enough to the weld to be influenced 
by the flow of heat during the welding 
process, have strengths and ductilities 
different from unaffected parent plate 
metal. 

(c) In state of initial stress, because 
in the tubes which were not heat treated 
after welding there were residual stresses 
due to welding or to welding and form- 
ing, and also because the so-called ‘‘stress 
relief’ treatment by heating to 1100° F. 
after fabrication does not completely re- 
move all such stresses. 


Because of nonhomogeneity of material 
and differences in mechanical properties 
of the material in different portions of a 
tube, a tubular structure of this sort does 
not distend uniformly during loading; 
some elements and regions may undergo 
considerably greater strain than others; 
the stress distribution developed in a 
particular tube at the instant of failure is a 
function of the relative distortions through- 
out the entire tubular structure. 

Another factor that should be con- 
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sidered in examining the test results as a 
whole is the effect of restraint imposed 
by the heads or end connections which 
form part of the tubular structure. The 
presence of end pieces, such as were 
of necessity employed in these tests to 
close the tubes and/or to facilitate ap- 
plication of axial load, restricts circum- 
ferential extension of a tube at and near 
the ends. Complex and unknown states of 
stress are thus set up near the ends which, 
under certain conditions of test, may cause 
fracture. Stresses existing at the mid- 
section of a tube which fails as the result 
of an end condition are thus in themselves 
not significant as to the true critical 
stresses causing rupture of the material in 
the tube. Rather, their significance lies 
in the indication of the nominal stress 
level which may be attained in a particular 
tube before localized stress conditions at 
structural discontinuities become critical. 
This same concept of significance of com- 
puted stresses in a complex structure also 
applies, though to a different degree, to 
the tubes in which end restraint did not 
condition the failures. 

As a final consideration in viewing the 
test results as a whole, it should be noted 


that under different conditions of ; 
(such as temperature or ratio of chal Becaus 
ferential to longitudinal stre<< entin t! 
different factors may condition the f ‘hy am un! 
of the individual tubes. 
The test results discussed 
show principally the streny:) and 
tility of the tubes under various ~ 
ratios, at normal and low 
and for heat-treated and unt nferen 
mens. 


mperaty 


reated 


Strength and Ductility 

A summary of the strengths ang di 
tilities of the tubular specimens js giv, 
in Table 1. While the individual 4 
mens are discussed in greater detail 
later sections of the report, the follow: 
general comments are made from 
sideration of Table 1. 

Bases for Calculation of Stresses 
ordinary engineering analyses, jt js cy vels at 
tomary to compute stress as load diyi¢ is bas 
by the original cross-sectional area of 
member or part; also, the effect of ag 
flection or distortion on stress is usyal 
neglected in the calculations, 
stresses designated in Table | as conze tual 
tional stresses were computed on this basidimternal 


gstant 


tion, 
Herein, 
ave! 


1 


= aea ca 


Table 3—Strength and Ductility of Coupons from Ship Plate , 


s, a 
at the 1 


Coupons Taken from 8- x 60-In. Sample Cut from Edge of 72- x 120-In. Plate Beforgmmder 
Forming of Tube. Heat Treatment of Sample Same as That of Tube, Except as Notedif#wea wW 
Tests at Room Temperature. Values Are Average for Two Coupons, One from Each offftickn: 


the Two Plates Composing the Specimen. 


Diameter of Reduced Section of Coupon 
0.505 In.; Gage Length 2 In. 


der 


Orientation of Yield Sominal True Elongation | xeductior 
Tube}Axis of Coupon Point, | Tensile | Stress at in of _—— 
with Respect to psi. Strength, | Fracture, 2 “tm, Ares, aur 
Axis of Tube* psi. psi. ad 
won. 
ab Longitudinal 34,500 60,000 120,000 39.7 61.5 Hm All 
Transverse 36,000 59,000 108 ,500 38.8 55.6 t 
B Longitudinal 34,500 58,000 | 117,500 43.4 62.8 
Transverse 34 ,500 57,000 113 ,000 39.5 59.2 
Longitudinal 34,000 57,500 | 118,500 43.2 64.1 
Transverse 35,000 58 ,000 113 ,000 38.4 58.5 
7 Longitudinal 34 ,000 58 ,000 118,500 44.2 63.5 
Transverse 33 ,000 58,000 111,000 41.9 58.5 
. Longitudinal 34,000 57,500 | 119,000 43.4 66.0 | 
= Transverse 33,000 57,900 111,000 38.5 59.1 
Longitudinal 35,500 59,500 117,000 44.8 61.6 
F Transverse 34,500 58,600 | 109,500 38.9 56.1 
‘ Longitudinal 33 ,000 58,000 | 118,000 45.0 63.7 
Transverse 34,500 59,000 111,000 41.3 57.9 | 
8 Longitudinal 33,000 56,500 121,500 41.8 66.1 | 
5 Transverse $2,500 55,500 109 , 500 41.3 60.3 
Longitudinal 34,500 57,000 114,000 43.5 65.5 
Transverse 53,500 58,000 114,000 38.3 59.8 
jo | Lonritudinel 34,500 59,000 | 117,500 40.0 61.0 | 
Transverse 33,000 60,000 108 ,500 32.0 55.0 
2 Longitudinal 34,000 58,000 | 116,000 44,1 64.0 | 
Transverse 33,500 57,000 113 ,00e 3844 58.7 | 
6 Lonritudinal 34,500 57,500 118,000 45.0 64. 
Transverse $3,500 58,000 111,000 41.5 


* Longitudinal axis of tube parallel to direction of rolling of plate. 
» Coupons not heat tgeated; coupons for all other specimens heat treated. 
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gecause of appreciable distortion of 
a of the tubes, it was felt that a more 
nificant indication of the relative load- 
ying capacity of the tubes would be 
ined by taking the stretching of the 
- account. The stresses des- 
. aed in Table 1 as nominal stresses 
ote the average longitudinal or cir- 
aferenti | stresses in a tube wall, 
puted from the internal fluid pressures 

"anlel loads by consideration of the 
‘yal diameter of the tube at any pres 

but the basis of the nominal 
e eens 3/, in.) of the wall of the tube. 

In tension tests of metals, the so-called 

‘ye stress (load divided by the actual 

a corresponding to a given load) has 

-oved to be a valuable indicator of the 

sistance to fracture of materials having 

oreciable ductility. The average stress 
vels at fracture have been computed on 
is basis for the tubes of this investi- 

tion, and are also shown in Table 1. 
Herein, this true stress at failure denotes 

average longitudinal or curcumferential 
ress in the tube, computed from the 
tual diameter of the tube under the 
sternal pressure and axial load at the 
stant of failure, and on the basis of an 
vea calculated from the actual wall thick- 
nos, as nearly as could be determined, 
a the instant of failure. Thus, for failure 
mder circumferential or hoop stress, the 
yea was based directly on the final wall 
thickness at the origin of the fracture 
Yhe minimum thickness). For failure 
mder longitudinal stress, the area was 
termined as the product of the final 
average wall thickness on the transverse 
ection through the origin of the fracture 
aid the mean circumference at that sec- 
tion. 

All shell stresses were computed under 
the assumption of uniform distribution of 
stress across the wall thickness, as is cus- 
tary in the analysis of thin-walled 
cylinders. 

For tubes that failed at or close to the 
ends, the stress values shown in Table 1 
we the stresses computed at the mid- 
section at the time of failure. It is recog- 
nized that these stress values do not rep- 
resent the stresses at the sections where 
ending and other effects contribute to 
failure, but are merely statements of 
levels at the time of failure, reduced to a 
unit basis.” By the same token, the 
actual stresses existing at the orign of 
fracture, even where failure occurred at 
or near the mid-section, probably differ 
appreciably in some cases from the aver- 
ge stresses shown. At present, there 
ppears to be no known way of evaluating 
ith certainty the effects of localized 
‘tress concentrations due to variation in 
physical and metallurgical properties from 
point to point in a welded tube. 

Stresses at Failure—For all the tubes 
tested, the average stresses at failure 
lable 1), on either the conventional or 
the true basis of calculation, were lower 
tian the corresponding coupon strengths, 
shown in Table 3. For a number of 
specimens as, for example, tubes F and 
G, the differences were large, although in 
such cases they were no doubt influenced 
by the restricted ductility or localized 

concentration of stress imposed by the 
Particular conditions of test. However, 
even for tubes fracturing initially in the 
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Table 4—Reduction in Thickness of Plate Near Fractures of Tubular Specimens 
Location of 


——Measurement—— 
Dis- Dis- 
tance tance 
from from 
Origin Longi- Percentage of Reduction in Thick- 
Temp. Type of of Frac- tudinal ness at Stated Distance from Edge 
Speci- of Test, Fracture at ture, Weld, ————of Fracture, In.——— 
men =P: Measurement In. 0 l 
A 70 Shear 0 3 30.0 25.0 22.0 18.0 15.0 
Cleavage 12 6 15.3 14.4 14.0 138.7 13.3 
B —40 b b 2.0 2.6 3.9 
te 70 Shear in 
weld 1 1 5.6 5.3 4.9 4.4 65.5 
Cleavage 12 12 7.8 6.8 
D 70 Cleavage 1 1 65 §$0 47 4.7 4.72 
Cleavage 12 12 6:8; 6.5 6.0 
E 70 Cleavage 1 1 17.4 
Cleavage 12 2 18.0 17.5 17.38 16.7 16.5 
F —44 Cleavage 1 1 1.6 1.5 
Cleavage 12 12 2.4 3.3 2.3 2.1 3 
G —44 Cleavage 0 16 
H 70 Shear 0 1 32.0 28.0 21.0 18.0 18.0 
Cleavage 24 6 15.9 14.8 14.5 14.4 14.1 
I —39 Cleavage 1 1 28.7 28.5 28.2 28.2 28.2 
Cleavage 12 12 31.0 30.8 30.4 30.0 30.0 
J —38 Cleavage 1 1 5.0 48 4.4 4.2 4.0 
Cleavage 12 12 6.7 6.0 6.0 5.8 5.5 
L —42 Cleavage 1 9 10.8 10.0 8.7 62 3.2 
Cleavage 12 11 10.2 9.7 7.8 48 32.8 
O — 40 Cleavage 1 1 €6 6.6 1.2 
Cleavage 12 12 6.3 60 4.1 3.3 1.5 


* When fracture originated in weld, measurements could 
* Fracture occurred in circumferential end weld; values 


time of fracture. 


not be taken at origin. 
are average for entire tube at 


plate material, the calculated stresses at 
fracture were appreciably lower than the 
coupon strengths. 

In general, those tubes for which the 
circumferential stress conditioned the 
failure tended to exhibit higher strengths 
than those for which the longitudinal 
stress was Critical. 

It is of interest that for three of the 
tubes (E, J and O) the calculated true 
stresses which conditioned the fracture 
were somewhat lower than the stresses 
perpendicular thereto. 

Ductility—For all tubes which were 
subjected to axial loading, the ductility 
was of sufficient magnitude (elongation 
1.6% or more) to equalize, or nearly to 
equalize, the stresses throughout the 
cross section and thus to eliminate the 
gross effect of residual stresses due to 
welding. This aspect of stress relief 
through stretching has been demonstrated 
by DeGarmo? and others.‘ 

The ductility data of Table 1 are supple- 
mented by Table 4, which shows the ex- 
tent of localized necking which occurred 
near the origin of fracture and at 1 ft. 
from the origin along the fracture. In 
some cases there was necking at the 
origin of fracture; it was most marked in 
tube A, for which the percentage of re- 
duction in thickness was 30°% at the edge 
of the fracture whereas it was 15% at a 
distance of 1 in. back from the edge. In 
tube G, on the other hand, the reduction 
in thickness was only slightly greater at 
the edge than at 1 in. back from the edge 
(1.3 vs. 1.2% reduction in thickness). 
It is evident from the data for tube I in 
Table 1 that cleavage fracture may occur 
after large amounts of plastic flow have 
taken place. However, as shown in 
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Table 4, the amount of necking which 
precedes a cleavage failure may be rela- 
tively small. 

To assist in studying the ductility of 
each of the tubes, diagrams similar to 
those of Figs. 8 to 11 were plotted for 
each tube. The marked reduction in 
circumferential extension at and near the 
welds in comparison with the values for 
the material away from the welds is shown 
for tube A in Fig. 8. The beneficial 
effect upon circumferential extensions, 
caused by heat treatment after welding, is 
shown for tube I in Fig. 9. It is evident 
that even though tested at —39° F., the 
circumferential extensions of these welds 
were more nearly equal to those for the 
material away from the welds and were 
about equal to the maximum extensions 
for tube A. For all tubes, irrespective of 
the heat treatment or the temperature of 
test, the longitudinal extensions in any 
tube were about the same for the weld 
metal as for the steel plate as shown for 
tube I in Fig. 10. Comparing the longi- 
tudinal extensions of tube F which was 
not heat treated after welding (Fig. 11) 
with those of tube I which was heat 
treated after welding (Fig. 10), the mark- 
edly lower longitudinal extension for 
tube F is apparent. As soon as the weld 
metal in tube F reached its limit of longi- 
tudinal extension, a transverse crack 
formed which immediately propagated 
around the entire tube. 

Potential Energy at Fracture.—For 
each tube, the potential energy in the 
system at the time of fracture is shown in 
Table 1. The energy was computed as 
the sum of the compression energy in the 
liquid and in the concrete plugs and the 
elastic energy in the specimen. At the 
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low temperature of test, for the tubes 
subjected to a 1:1 stress ratio and there- 
fore having all parts highly stressed in all 
directions in the plane of the plate, it has 
been suggested that the potential energy 
may have governed the amount of shat- 
tering which occurred. A more likely 
explanation, however, is that the state of 
stress was responsible for the shattering. 

Effect of Stress Ratio in As-Welded 
Tubes.—At room temperature, tube E, 
for which the ratio of circumferential to 
longitudinal stress was about 1. exhibited 
appreciably less ductility and lower true 
stress at failure than did tube A, for which 
the stress ratio was 2. (It may be noted, 
however, that the conventional stress at 
failure was slightly higher for E than for 
A.) Although tests on homogeneous 
tubes have shown that the ductility of 
metal subjected to biaxial stress is in- 
fluenced by the ratio of the biaxial stresses, 
in these welded tubular structures the 
differences in ductility and true strength 
appear not to be due primarily to the 
state of biaxial stress per se, but rather to 
the direction of the faiiure-causing stress 
in relation to the direction of the welded 
seam. Under the loading conditions 
which were employed to produce a stress 
ratio of 2 in tube A (internal pressure 
only), higher stresses were finally devel- 
oped in the plate away from the weld 
than in the weld because, as load was 
applied, the plate metal yielded first, 
decreased in thickness, and reached a 
fracture stress-level in a circumferential 
direction before the metal adjacent to the 
weld reached a fracture stress-level in 
either direction. Under the combination 
of axial loading and internal pressure 
required to produce the stress ratio of 1, 
however, the welds were stretched longi- 
tudinally by approximately the same 
amounts as were the longitudinal ele- 
ments of the plate, and the stress rose to 
a critical magnitude in the weld at a 
relatively low strain. That a lower 
critical stress level could be sustained 
longitudinally than circumferentially ap- 
pears to be indicated by comparison of the 
true stresses for each of tubes E, J and O, 
where, as noted previously, the calculated 
circumferential stresses were greater than 
the longitudinal stresses. 

Similarly, at the low temperature of 
test, tube F (for which the stress ratio 
was 1) failed in the longitudinal weld at a 
longitudinal stress which was much lower 
than the circumferential stress developed 
in tube B (stress ratio 2) before failure. 
This difference would probably have 
been greater if tube B had not failed pre- 
maturely due to conditions at the end 
connection. 

It thus appears that for these large 
welded tubes the longitudinal strains in 
the plate-weld-metal combination are 
much more critical than is the stress ratio 
taken by itself. 

Effect of Temperature of Test.—A direct 
comparison of the effect of temperature 
upon behavior may be obtained from tests 
of tubes F and E. Tube F, for which 
the temperature of test was —44° F., 
exhibited far less strength and ductility 
than did tube E which was tested at room 
temperature. 

Effect of Heat Treatment.—At room 
temperature, tube H, which was heat 


44-8 


treated after being welded, was somewhat 
stronger and more ductile than was tube 
A, which was not heat treated after 
welding. At —40° F., the effect of post- 
welding heat treatment was pronounced 
tube I was far stronger and more ductile 
than tube F. 

Tube J, which was not heat treated and 
which therefore contained residual stresses 
due both to forming and to welding, was 
stronger and more ductile than tube F. 
No reason for this difference is apparent: 
it is believed that the difference is due 
to local differences between the specimens, 
both of which broke by cleavage fracture 
in the weld. The yield point was higher 
for tube F than for tube J, owing to the 
relief of forming stresses from specimen 
F by heat treatment. 

Coupons.—Results of tests on coupons 
cut from the plate stock, both parallel 
and perpendicular to the direction of 
rolling, are given in Table 3. For a given 
orientation of coupon and condition with 
respect to heat treatment, the greatest 
difference between maximum and mini- 
mum values of nominal tensile stress was 
1000 psi. As shown in the tabulation, 
the heat-treated coupons were on the 
average somewhat weaker but more duc- 
tile than those which were not heat treated. 
The ductility of the coupons cut parallel 
to the direction of rolling was greater than 
for those cut perpendicular to the direction 
of rolling, but there was no appreciable 
difference in strength. This difference in 
ductility with respect to the two directions 
indicates an appreciable amount of aniso- 
tropy. However, anistropy of the plate 
material was not a significant factor in 
determining the results of tests on the 
large tubular specimens, as shown by the 
fact that the specimens subject to a 1:1 
stress ratio failed due to stress in the 
longitudinal direction, for which the 
strength and ductility were the greater. 


Failure of Individual Specimens 

Stress Ratio 2:1.—Tubes A, H and B 
were subjected to internal pressure only, 
so that the ratio of circumferential to 
longitudinal stress was 2: 1. 
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Tubes A (heat treated | 
and H (heat treated after w, 
were tested at room temperature 
at approximately the same streng 
with-ductilities of about th: 
magnitude. Residual str 
longitudinal welds were not 
determining failure under th 
test in which the governi 
transverse to the welds. May; 
cumferential extensions were |5 
tube A and 21% for tube 
The longitudinal extensio: 
specimens were practically 
failure patterns of the tw: 
similar; the fracture originated | 
in the plates near the mid-sectiy 
propagated over a considerah| 
the tubes by cleavage. 

Tube B, tested at —42° 
cleavage fracture entirely aroun 
circumferential. end weld. 1 
true stress at the mid-section, 
before localized conditions 
connection caused 
psi. (Table 1). The maximum city 
ferential extension up to rupture » 
about 3% (Table 1). 

Stress Ratio 1:1.—Tubes C, D x 
were tested at room temperature xg 
specimens F, I, J, L and O at 
mately —40° F. 

Tube C, the first to be tested unig 
axial load and internal pressure, fai 
prematurely in a _ circumferential 
weld. The fractuse was by shear 
started inside the tube and extended! 
6 in., crossing the longitudinal weid 
1/, in. from the circumferential end wd 
It was repaired by welding, and ar 
forcing ring was installed; the specing 
was then retested. However, it fais 
again in a circumferential end weld 
shear fracture started at the root oft 
weld and extended circumferentially | 
about 4 in.; the fracture then propagate 
by cleavage in the plate completely arow! 
the tube. At the time of rupture, th 
average true stress at the mid-sectia 
the specimen was 60,000 psi., and 
greatest observed extension 


(Table 1). 
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Fig. 12—Close-up View of Specimen A Showing Origin of Fracture by Circumter- 
ential Tension 
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Table 5—Results of Bend Tests on Flat Plate Specimens 


Observed 
-—Strain, %— Frac- 
Long. Trans. ture 


Specimens 10- x 10- x */,-In. Ship Plate from Tube Stock, Not Heat Treated, Tested as 
; Centrally Loaded Simple Beams on 6-In. Span 


4s received 70 
—40 
transverse chisel mark in. 
long and '/sg in. deep, at 
midspan 


— 40 


86,500 76 26 0 No 
90,000 54 22 0 No 
86,000 76 26 0 No 
77,000 23 10 0 Yes 


Specimens 6- x 8- x 3/,-In., Cut from Tubes and Containing Longitudinal Weld, Tested as 
Centrally Loaded Simple Beams on 6-In. Span 


— 40 
—40 


As cut from Tube I 
As cut from tube J 


56,000 59 23 0 No 
32,000 6 10 0 


The conditions of test for tube D were 
initially the same as those for tube C; 
reinforcing rings of the type used on tube 
C were employed at the ends. The first 
trial was discontinued, however, when a 
crack developed in a circumferential end 
weld; at this time the true stress at the 
mid-section was about 57,000 psi., and 
the maximum extension was about 4%. 
The specimen was then cropped at both 
ends, the reinforcing ring was discarded, 
and a transition ring (Fig. 2) was inserted 
between each end of the tube and the end 
connection. Although this arrangement 
prevented failure in the end weld itself, 
the fracture originated only about 5 in. 
from the end weld owing to high localized 
stresses induced by bending due to radial 


restraint. The fracture was of the 
cleavage type; it originated in a longi- 
tudinal weld and propagated spirally 


around the tube toward the mid-section. 
At the time of failure, the average longi- 
tudinal true stress at the mid-section was 
60,500 psi., and the maximum extension 
was about 4% (Table 1). There was 
practically no additional plastic extension 
during this reloading, and there was some 
evidence that strain-age embrittlement 
had occurred during the 15 days between 
the original loading and the retest. To 


} check this possibility, coupons were cut 


from the fractured tube. These coupons 
showed a nominal stress at fracture 2500 
psi. higher (60,500 vs. 58,000 psi.) and a 
percentage of elongation 6% lower (46 
vs. 52%) than the corresponding values 
for the original plate. These values in- 
cluded corrections for the strain which the 
tube had previously undergone. 

Tube E was tested under the same con- 
ditions of stress ratio (1:1) and tempera- 
ture (70° F.) as tubes C and D, but fur- 
ther provision was made against the pos- 
sibility of failure at the ends. After the 
transition rings and heads had been welded 
to the specimen, the ends of the assembly 
were wrapped with wire, as described 
previously and as shown in Fig. 2. The 
use of the transition ring combined with 
the wire wrapping was successful, and 
failure originated near the mid-section. 
The fracture apparently began as a shear 
fracture in a longitudinal weld, but almost 
immediately changed to a cleavage frac- 
ture and progressed completely around the 
tube, practically in one plane. The 
average longitudinal true stress at failure 
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was 69,000 psi. The maximum surface 
extension, 10.6%, was circumferential, 
it occurred in a plate halfway between 
the longitudinal welds. The maximum 
longitudinal extension in the same region 
was 9.2%. The longitudinal extension 
near the origin of fracture was about 7.5%. 

Tubes F, I, J, L and O, tested at ap- 
proximately —40° F., differed from one 
another with regard to the condition of 
heat treatment. All except tube L 
failed by cleavage originating in a longi- 
tudinal weld near the mid-section and 
shattered into many pieces (Fig. 13). 
For all of these specimens, the significant 
stress was longitudinal. 

Tube J, which was not heat treated and 
which therefore contained residual stresses 
due both to forming and to welding, 
failed at an average true stress of 61,000 
psi. and a maximum extension of 3% 
(Table 1). 

Tube F, for which the plates were heat 
treated after being formed but before 
being welded together, failed at a lower 
stress (45,500 psi.) and lower extension 
(about 2%). The strength and ductility 
were lower than for the corresponding 
specimen (tube E) tested at normal tem- 
perature. 

Tube I, heat treated after being formed 
and welded, attained a considerably higher 
true stress (88,500 psi.) and higher ex- 
tension (18.7%), as shown in Table 1 
and Figs. 9 and 10. It is believed that 
the improved performance of tube I is due 
to a beneficial metallurgical change in the 
metal in and adjacent to the weld rather 
than to the relief of the residual stresses. 
For tube I there were apparently two 
origins of fracture. The primary origin 
was in the weld at a location near the 
mid-length of the tube. The failure was 
initiated at a small defect resulting from 
incomplete penetration of the weld metal 
at the root of the double V. The lack of 
fusion caused discontinuity over an area 
about '/;5 in. wide and 1 in. long which 
was not revealed by the X-ray inspection. 
The fractured surface near this point was 
parallel to the direction of the weld for 
about 1 in. (the length of the discontinu- 
ity), after which it progressed generally 
around the tube. What appeared to be a 
secondary origin of fracture was found 
in the opposite weld; the fractured surface 
at this point was transverse to the weld. 
Were it not for the above-mentioned 
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Fig. 14—Relationship Between True Stress 
Plate and Weld of Tube J, 


defect in tube I, it is possible that a some- 
what higher strength may have been 
attained. However, it is significant that 
this, the most serious weld defect noted 
in any of the tubes, appears to have had 
less influence on the strength and ductility 
of the welded structure than had condi- 
tions associated with the weld in the tubes 
which were not heat treated after welding. 

Tube O, welded with '/,-in. diam. NR- 
C-2A ferritic-type electrodes preheated to 
600° F. prior to use and used while they 
were still hot, did not show much improve- 
ment over tube F, welded with E 6020 
electrodes. The specimen failed at a 
longitudinal true stress of 49,100 psi. and 
a maximum longitudinal.extension of 
4.2% (Table 1). Both tubes O and F 
were tested under similar conditions, and 
were also similar in method of fabrication 
with the exception of the electrodes that 
were used in welding. The longitudinal 
welds in tube O required a number of 
repairs, near one of which the fracture 
originated. No preheat’ was used in re- 
welding the areas that were repaired. 
X-ray pictures of the weld, taken after 
the repairs were made, showed no indica- 
tion of any defect near the origin of the 
break. Cleavage fracture originated at 
the longitudinal weld of Specimen O, 
about 22 in. below mid-section, and propa- 
gated in both directions parallel to the 
weld along the heat-affected zone for 
about 12 in., and then propagated around 
the specimen in several directions. 

Tube L failed to show as good results 
from postheating to 1100° F., as did its 
counterpart, Specimen I. It was more 
ductile than specimen F, which was not 
stress relieved after welding. The frac- 
ture in tube L occurred on the section 
perpendicularto.the axis at a true stress 
of 62,000° p$i,,; which is below the true 
stress at.fracture in a simple tension test 
(Table 1). 

The fracture Specimen L originated 
in the plate material well away from the 
weld, near the upper end of the tube; the 
fracture apparently started near a defect 
observed in the platé! If it were not for 
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and Natural Strain in Coupons Cut from 
at 70° F. and —40° F. 


this defect, it is possible that a somewhat 
higher strength as well as greater elonga- 
tion and reduction in thickness may have 
been attained, and thus the results from 
this tube would compare more favorably 
with those from tube I. 

Stress Ratio '/2:1.—Specimen G was 
tested at a ratio of circumferential to 
longitudinal stress of 1/2:1, at a tempera- 
ture of —44° F.; it had been treated 
before welding only, and therefore con- 
tained residual stresses due to welding. 
It failed at a relatively low true stress 
(50,000 psi.) and low extension (2%), by 
cleavage fracture originating at a deep 
gouge in the plate and propagating around 
the specimen (Table 1). 


Results of Supplementary Tests Pertaining 

to Tube Failures 

In general, the true stresses and elonga- 
tions observed at fracture of the speci- 
mens were inconsistent with the theories of 
plastic flow and failure established for 
homogeneous materials by Nadai,* Dorn® 
and others. From the relationship be- 
tween true stress and natural ‘strain 
shown in Fig. 14, it would be expected 
that the tubular specimens tested at 


Fig. 15—-Plate Tested as Received 
10- x 10- x #/,-in. ship plate, tested as 
centrally loaded simple beam on 6-in. 
span, at —40° F. 
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influenced the failures. from te 

Effect of Surface Defects— The 
ment was made in a precedin paragr 
that the fracture of Specimen (© wrigin are elo! 
at a gouge or deep nick in the plate ., f -_ 
comparatively low stress. It has } ee 
general experience that such defec —_— 
not ordinarily affect the over-al! stren 
and ductility of a structure of imild «, -_ 
at least over the range of room temper! evil 
tures. Hence, it was desired to ae : length 
some evidence regarding conditions yin sal 
which a discontinuity of this sort w, rt ¢ 
have a serious effect. imilat 

To this end, a short series of tests pont 
made by bending 10-in. square ply = 

ili 


3/, in. thick, on a 6-in. span under, 
cure 
central load. The loading bar and ; 


supports covered the full width of ; : 

vere 
plates. This type of test was chow r 
because a biaxial stress could thereby ms 


simply developed in the surface fibers g 
the plate. This state of stress resy} 
from the effect of transverse restraint in; ° 
wide plate in flexure. Analysis indi 
that after plastic flow began, the rat; 
longitudinal to transverse stresses y 
2:1; this ratio was verified by measur 
ments of surface strains. 

Bend-test samples were prepared fro: 
the ship-plate stock, two with unblemish 
surfaces, and two with nicks in the surf 
of the pieces. The nicks were made wit 
a chisel; they were '/2 in. long (transver 
to the span length) and '/32 in. deep, and 
were located at midspan on the tensio 
face of the specimen. At room temper 
ture both the plain and nicked plat 
behaved in a ductile manner, bending 
through large angles with no fractur 
At —40° F., the plain plate also be 
through a very large angle without fractur 
but the plate containing the nick fractur 
by cleavage at a bend angle of 23° 
measured longitudinal surface strai 
10%. It thus appears that a surfa 
defect which would ordinarily be co 
sidered of only minor or moderat: 
intensity, under appropriate conditior 
of low temperature and stress may becor 
the trigger for initiating cleavage fra 
tures. 


Fig. 16—Plate with Transverse Chisel 
Mark at Midspan 
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‘nerical results of these tests are 
in Table 5, and photographs of 
bend-test specimens are shown 


The 0 


corded 


of t 

is Figs: 10 and 16. 

Effect Residual Stresses.—Reference 
bas prev’ uisly been made to the findings 
bom tests made by DeGarmo® on large 
velded flat plates, where it was found 


ill elements parallel to a weld 


that wl 

ited to an amount of about 1% 
+ more, the residual stresses are reduced 
\ a low order of magnitude. To in- 

vestigate the effect of residual stresses on - 
de of fracture, a limited number of 


end tests, similar to those described in the 
revious paragraphs except that the 
length of specimen was 18 in., were made 
n samples of ship-plate steel. It was 
frst established that residual stresses, 
imilar to those produced by welding, 
uild be developed in a plate by heating 
. central strip to approximately 500° F. 
ind then cooling in air. This tempera- 
ture was not high enough to cause any 
metallurgical change. Plates so treated 
vere found to behave essentially the same 
as plates which were free from residual 


Fig. 19—-Photomicrograph of Weld Deposit in Tube J. 1500 x 
Knoop Hardness 167; Equivalent Brine!l Hardness 167. 


Fig. 17—7 by 8-In. Piece Cut from Tube 
J at Longitudinal Weld and Tested Like 
Previous Plates 


stresses. It was thus indicated that, 
within the range of the tests, residual 
stresses alone are not a primary factor in 
inducing brittle cleavage fractures; and 
this yields some support for the belief 
that in the tubular specimens, which 
elongated sufficiently to reduce the effect 
of residual stresses to a small amount, 


Fig. 21—Photomicrograph of Hardened Zone in Plate of Tube 


] Adjacent to Weld. 


Knoop Hardness 269; Equivalent Brinell Hardness 260 
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Fig. 20—Photomicrograph of Weld Deposit in Tube I. 
Knoop Hardness 160; Equivalent Brinell Hardness 160 


Fig. 18—7 by 8-In. Piece Cut from Tube I 
at Longitudinal Weld 


the residual stresses did not play a con- 
trolling part in conditioning the failures. , 

Effect of Heat Treatment of Welded 
Plates.—To obtain a check by another 
method on the conclusion_indicated from 
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Fig. 22—-Photomicrograph of Hardened Zone in Plate of Tube | 


500 x Adjacent to Weld. 1500 x 
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Knoop Hardness 205; Equivalent Brinell Hardness 200 
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Deposit in Tube J. 


the tests of tube I (which was heat treated 
after welding) and tube J (which was 
tested as-welded), bend tests were made 
on samples taken from these tubes. The 
tubes had been shortened before testing 
in order to accommodate the transition 
ring in the loading assembly, so it was 
possible to obtain samples, containing 
the welded seam, about 8 in. in length. 
The bend tests were made by central 
loading on a 6-in. span at —40° F., the 
same temperature as that at which the 
tubes were tested. As shown in Table 
5, the piece cut from tube J (not heat 
treated) broke with low ductility and with 
a cleavage fracture. The piece cut from 
tube I (heat treated after welding) ex- 
hibited a high degree of ductility and did 
not fracture. Views of the pieces after 
test are shown in Figs. 17 and 18. The 
ductilities obtained in the bending test 
were comparable with those of the cor- 
responding tubular specimens. 

As between tubes J and I, the difference 
in the degree of ductility (Table 1) might 
have been due either to relief of residual 
stress or to change in metallurgical struc- 
ture produced by the heat treatment of 
tube I. However, tube J, which con- 
tained residual stresses, elongated 3% in 
the direction parallel to the weld and 
would therefore be expected to have had 
the effect of residual stresses at least 
considerably reduced before fracture. 
In tube I, residual stresses were practically 
eliminated by heat treatment, but it 
differed from tube J in that the weld and 
the zone adjacent to the weld were modi- 
fied somewhat by the-heat treatment. 
It was therefore concluded that the 
difference in behavior of the two tubes 
was due to the difference in the metal- 
lurgical structure of the weld and/or the 
zone adjacent to the weld. To investi- 
gate this matter further, a detailed study of 
the metallurgical structures was made. 

Examination of the Weld-Zone Material. 
—Figures 19 and 20 are photomicrographs 
of the weld material in tubes J and I, 
respectively. There was little apparent 
difference between the two structures, 
although more complete examination 
gave some evidence of spheroidization of 
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Fig. 23—Photomicrograph of Plate oo Away from Weld 
x 
Knoop Hardness 147; Equivalent Brinell Hardness 147 


‘combinations of 


the carbides in the heat-treated weld of 
tube I. Figures 21 and 22 are corres- 
ponding photomicrographs of the heat- 
affected zone of the plate adjacent to 
the weld; in this zone, the metal is con- 
siderably harder than that in either the 
weld material or the plate, as shown by 
the hardness values stated below Figs. 
19 to 24. Comparison of Fig. 22 with 
Fig. 21 and of Fig. 24 with Fig. 23 also 
makes it evident that the heat treatment 
of tube I had caused spheroidization of the 
carbides and had thus rendered the 
structure softer and more ductile, both 
for the plate material and —most signi- 
ficantly—for the weld zone. 

Tensile tests made on standard 0.505- 
in. diam. specimens did not truly reveal 
the strength and ductility of the weld 
metal in a weldment. This fact is re- 
vealed by the relative behaviors of the 
tensile specimens machined from the 
weld of tube J (Fig. 14) and the bend 
test specimen taken from the same tube 
(Fig. 17). 

Subsequent investigation of bend test 
specimens revealed that, when cracks 
form in the weld zone during test, they 
almost invariably start in the weld de- 
posit and not in the heat-affected zone of 
the base plate, in spite of the fact that the 
maximum hardness of the heat-affected 
zone is invariably greater than that of 
the weld deposit. The explanation for 
this is that the heat-affected zone has a 
hard but ductile Bainite type of structure 
instead of the martensitic structure com- 
monly found in the corresponding region 
in welded low-alloy steel plates. 


Summary of Findings 


1. Welded closed 20-in. diam. tubes 
of hull-quality steel, tested under various 
internal pressure and 
axial load, exhibited strengths and duc- 
tilities considerably less than the tensile 
strengths and ductilities of standard 
coupons made of the plate material. 

2. The strengths of the tubes as cal- 
culated on the “‘conventional’’ basis did 
not vary as widely with different testing 
conditions as the so-called ‘‘true’’ stresses 
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Fig. 24—Photomicrograph of Plate Material Away from Weld 
Deposit in Tube I. 1500 x 


Knoop Hardness 119; Equivalent Brinell Hardness | 


at failure. For the purposes of inter 
pretation of the phenomena observed ; 
these tests, the true stresses at failuy, 
appear to be a more significant index o 
strength, even though they are computed 
as average stresses across an entire sectior 
rather than stresses at a point 

3. Under certain combinations oj 
temperature, ratio of applied stresses 
and condition of tube as regards heat 
treatment, failures were found to occw 
with very low ductilities, approaching 
those observed in fractured ships, even 
though there was no mechanical notch 
in the tubular specimens. The strengths 
attained under such conditions were cor 
respondingly low as compared with the 
strengths of the most ductile specimens 

4. All the tubes tested at 70° F., with 
the exception of those in which the frac 
ture occurred near the ends due to com 
plex stress conditions caused by end 
restraint and consequent excessive bend 
ing, exhibited considerable ductility prior 
to fracture. 

5. All the tubes tested at —40° F, 
with the exception of one of the two which 
were heat treated after welding, wer 
relatively brittle, i.e., exhibited relatively 
low piastic strains prior to rupture. 

6. Two types of fracture were ob 
served to take place, depending upon the 
conditions leading up to failure: (a) shear 
fractures occurring approximately on plan 
of maximum shear stress, end ()) cleavage 
fractures occurring normal to the direction 
of the critical tensile stress. The shear 
fractures always occurred after appreci 
able plastic flow had taken place and may 
be considered to be a separation resulting 
from excessive slip; shear fractures ar 
thus to be associated with appreciall 
ductility (at least locally). Cleavag 
fractures may occur regardless of whether 
or not plastic flow has taken place; ‘ 
is possible for the specimen to show con 
siderable over-all plastic flow and never 
theless to fracture by cleavage (see tube |. 
Table 1). Brittleness (lack of ductility 
is usually associated with cleavage frac- 
tures. Localized necking may 
with a cleavage fracture, but the extent 
of the necking is very small as compare 
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with the necking which accompanies a 
chear-type fracture. 

"7 While the ratio of the principal 
stresses in a tube wall may play some part 
in determining the over-all strength and 
ductility of the large welded tubes, the 
orientation of the critical tensile stress 
with respect to the direction of the welded 
gam appears to be the governing factor 
as regards initiation of failure. It is 
noteworthy that in the tests at room 
temperature, in those cases where the 
circumferential stresses were critical, fail- 
ure occurred in the plate away from the 
weld, while in those cases where the 
longitudinal stresses became critical, the 
failures occurred in the weld or weld zone. 

8. It is believed that the gross re- 
sidual stresses due to welding contributed 
relatively little toward causing failure, 
at least within the range of temperature 
at which the tests were conducted, be- 
cause all tubes in which fracture initiated 
in the longitudinal weld stretched suffi- 
ciently (1.6% or more) prior to failure to 
minimize, if not to eliminate, the influence 
of residual stress. 

9. In tubes in which fracture de- 
veloped in the region of a weld, the 
crack appeared to have originated in the 
weld or weld zone, and then the fracture 
propagated into the plate, sometimes 
extending for relatively large distances 
and sometimes inducing shattering. 

10. Mechanical defects such as gouges 
or nicks may be crack starters, particularly 
it low temperatures (e.g., tubes G and L). 

ll. Tube fractures which started in 
the weld zone were presumably initiated 
by cracks which formed in the weld metal; 
for the auxiliary bend tests of flat plates, 
all fractures began in the weld metal. 
Those tubes which were not heat treated 
and which failed in this manner were very 
brittle. 

12. The beneficial results of heat 
treatment of tubes after welding is at- 
tributed primarily to alteration of the 
metallurgical structure of the weld zone 
rather than to relief of residual stress. 
See especially tube I, where the so-called 
“stress-relieving” heat treatment mark- 


edly improved the strength and ductility 
at the low temperatures. This heat 
treatment reduces the residual stresses 
and alters the metallurgical structure of 
the weld zone, making the material in 
this region more ductile. At atmospheric 
temperatures, the residual stress may 
also be reduced by causing a small amount 
of plastic flow to occur parallel to the 
weld; consequently, the metallurgical 
structure remains the same. The plastic 
flow was sufficient in all of the tubes 
tested in the ‘‘as-welded”’ condition to 
produce stress relief by stretching. The 
tubes “‘stress relieved’’ by heat treatment 
had much greater ductility than any of 
the as-welded tubes. Since stress relief 
occurred in all tubes, either by heat 
treatment or by stretching, it appears 
that the main benefit derived from the 
heat treatment is the beneficial alteration 
of the metallurgical structure. It is 
indicated that appropriate heat treat- 
ments or other pertinent changes in wel- 
ding technique are means of reducing or 
eliminating tendencies toward premature 
brittle cleavage fractures. 

13. Bending stresses (such as those 
which can occur at the end of a closed 
tube due to radial restraint of the heads) 
or abrupt changes in wall thickness are 
likely causes of premature failure at both 
room and low temperatures. It was 
found necessary to take special care to 
provide a very gradual transition at the 
ends of the tubes in order to obtain failures 
near the mid-section. 

14. Standard tensile specimens ma- 
chined from the weld metal do not indicate 
the strength and ductility of the weld 
zone in a composite structure. 

15. A specimen welded with low hy- 
drogen content NRC-2A electrodes was 
apparently no more ductile than similar 
specimens welded with E 6020 electrodes. 
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Discussion 
By John Vasta* 


HE research work reported in this paper origi- 

nated from the necessity of providing an answer to 

the problem of ship fractures. Some of the fac- 
tors common to both the ship and the laboratory speci- 
men are: 

|. The tubes fractured in a cleavage mode very simi- 
lar to that noted in fractured ship plates where a marked 
loss in ductility has been measured. 

2. The biaxial stress system imposed on the tubes is 
comparable to that found on the decks of Liberty ships. 
Nearly equal biaxial tensile stresses of the order of the 
yield point of the material have been measured adjacent 
to the hatch corners of such vessels. + 

* Research Engineer, U.S. Maritime Commission. 


tT Structural tests on the Liberty ship, Philip Schuyler, by John Vasta, New 


Ioaay Chapter, Society of Naval Architects and Marine Engineers (April 


Some of the major differences are: 

1. A controlled laboratory test makes possible the 
close study of the behavior of the specimen either visu- 
ally or by instruments. Hence, it is possible to say that 
cleavage fracture in the tubes was preceded by a large 
amount of plastic flow. Can this be said also of the ships 
that have broken in two? 

2. A laboratory specimen is subject to known loads, 
hence the nogninal stress and true stress values at frac- 
ture can be determined. In a ship, the actual forces act- 
ing on the structure at the time of fracture are not accur- 
ately known. 

The coupon strength of samples of steel and weld taken 
from tube J as given in Fig. 14 is of interest. The data 
indicate no significant difference in strength and ductility 
between plate and weld metal as tested at — 40° F. Yet, 
Table 5 shows that the ductility of the weld taken out 
from this same tube, when tested at —40° F. as part of 
a flat plate specimen in bending, is significantly lower 
than that exhibited by the plate specimen as received 
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Tests of Various Designs of Welded 
Hatch Corners for Ships 


By E. Paul DeGarmot 


Summary coaming above deck for 30 in. beyond the hatch opening 
was found to be very effective. 
The hatch corners used on later “Liberty” ships 
ESTS were made of ten full-scale welded hatch (U.S.C.G. Code 1 modification) were found to be ove 
corners to determine the effectiveness of various 50% stronger than the early corners on the basis of max. 
; modifications used on ‘‘Liberty”’ ships. In addi- mum nominal stress and ability to absorb more than | 
tion, three new designs were investigated. A design times as much energy before major failure. 
similar to the hatch corners on early Liberty ships was Two of the new designs were unique in that they wer 
used as the basis for comparison. ee the only ones which did not fail at the corner of the. hate) 
The simple expedient of extending the longitudinal and behaved in a ductiie manner. One of these, jy. 
volving the use of a hot-formed corner plate having radi 
* Presented at Twenty-Eighth Annual Meeting, A.W.S., Chicago, IIL, in both the horizontal and vertical planes, Save an in- 
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week of Oct. 19, 1947. crease in maximum stress of 124% and an increase in § £ 
+ Associate Professor of Mechanical Engineering, University of California, : > 
Berkeley, Calif. energy absorption of over 2800%. 7 
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Fig. 6. Plate Layout for Part of Longitudinal Gird 3 
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Table 1—Specimens Tested 


- Specimen 
PLAN VIEW 10. Distinguishing Features 
5 Standard design ‘‘C”’ steel 
NOTES 27 Continuous longitudinal girder 
SPECIMEN 32 MADE WITH FULL PENETRATION 28 Gusset plate reinforcement—U.S.C.G. Code 5 -— 
29 Slotted coaming (no doubler)—U.S.C.G. Code | 
30 Slotted coaming (with doubler)—U.S.C.G. Code | 
PREVIOUS 31 British modification—British Code 1A 
ami 32 Full penetration welds 
ae 33 Extended coaming 
| 8d 34 A.B.S. design’ 
35 Kennedy — nat 
| 36 Diagonal brackets—invalid, laminated plate 
Tr 37 Extended coaming, repeat of No. 33—laminated 
| il ie | 38 Brackets on lower part, repeat of No. 36 
it | | 208 Commercial type steel, similar to “‘C”’ 
| 39 U.C. design 


ELEVATION Table 2—Analysis of Steel ‘'C”’ 
Fig. 5—Details of Hatch Corner Specimen 32 


% C % Mn % P % 8 P 
0.24 0.49 0.015 0.033 


(Supplier’s analysis) 
Introduction 


Of the structural failures which have occurred on relative merits of the various designs. In addition it 
welded merchant vessels in recent years more have origi- appeared probable that other new designs for welded 
nated in the vicinity of hatch corners than at any other hatch corners might be superior to any used previous) 


single location. Several modifications were made in the It was therefore decided that full-scale laboratory tests off of 
design of the hatch corners of the “Liberty” type ships welded hatch corners might yield data which would bef cr. 
and several methods were used to strengthen the corners of value in designing future welded ships. — I 
of existing ships. The statistical records gave indications Considerable experience had been obtained at thei, 5 
that these modifications were effective in reducing fail- University of California with a hatch corner type spec nes 
ures but did not yield quantitative data regarding the men which was essentially the same as the hatch corners] ur¢ 

Un 

Ee 

Table 3—Tensile and Hardness Properties ‘‘C’’ Steel abe 

Tensile Data (0.505 Bars) : su 

Plate Yield, Ultimate, Break, Elongation, Reduction Hardness, tic 
No. Direction Psi. Psi. Psi. % in 2 In. in Area, % Rockwell “B f 
C-1 Long. 35,230 68,700 55,300 36.0 59.6 71 th 
Trans, 35,750 68,000 57,050 33.6 52.5 C 

Tensile Data (Full Thickness) a 

C-1 Long. 37,500 66,500 53,600 45.5 56.5 fic 
Trans. 34,100 66,200 56,600 32.5 50.4 le 


Table 4—Tensile and Hardness Properties Commercial Steel 
Tensile Data (0.505 Bars) 


Yield, Ultimate, Elongation, Refluction Hardness, sf 

Direction Psi. Psi. % in 2 In. in Area, % Rockwell B f 

Long. 35,720 64,480 37.0 53.9 67.3 
Trans. 36,003 64,403 39.5 59.8 


Tensile Data (Full Thickness) 


Flat 35,737 59.7 
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Fig. 7—Full-Scale Asymmetric Hatch Corner Specimen 34 (Modified A.B.S. Design) 


on the early ‘‘Liberty’’ ships.*: *»4 Studies of the effects 
of temperature, types of steel, welding procedure and 
stress relief had been made on these specimens. 

It was felt that this hatch corner type specimen offered 
a basis for comparison by means of which the effective- 
uess of the various design modifications could be meas- 
wed. Under a contract with the Bureau of Ships of the 
United States Navy a program of research has been car- 
ried out at the University of California wherein 12 full- 


| scale hatch corner specimens of various designs were con- 


structed and tested. The work was under the general 
supervision of the Ship Structure Committee.t In addi- 
tion, one other specimen (No. 39), which was not a part 
it the Navy-sponsored program, was built and tested by 
the Department of Engineering at the University of 
California. These 13 specimens included eight modi- 
porns of the original design and three distinctly new 
esigns. 


Procedure 


The specimens which were tested are listed in Table 1. 
Except for one piece in one specimen, all were con- 
structed from one lot of low-carbon semikilled steel of 
A.B.S. ship quality, which had been used for some of the 
previous tests. This steel had previously been desig- 


3 The opinions expressed in this paper are those of the author and not of the 
Ship Structure Committee or the U.S. Navy. A more detailed report of these 
tests will be issued by the Ship Structure Committee at an early date. 
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nated as Steel “C.’’ The analysis and strength proper- 
ties of this material are shown in Tables 2 and 3. All of 
the specimens were constructed at Shipyard No. 3 at 
Richmond, Calif., and then brought to the University 
shere strain gages were applied and the tests conducted. 
The tests were conducted at approximately 70° F., the 
variations from this temperature being less than +4°. 

Energy absorption measurements were made on all 
specimens by measuring the strain which took place be- 
tween the pins in the two pulling tabs. The same 
method was used as has been described in previous re- 
ports.‘ 

The basic design, Specimen 5, is shown in Fig. 1. It 
will be noted that it consists of three principal strength 
members. These are: deck, longitudinal girder and 
hatch end beam. The longitudinal girder is actually in 
two pieces. Each of these members contains a right 
angle interior corner. They are mutually perpendicular 
to each other when assembled and form an extremely 
rigid structure. A doubler plate is fillet welded to the 
deck and coaming. A heavy hatch end beam flange, 
longitudinal girder flanges and deck beams complete the 
specimen. 

All welding was done with A.W.S. Types E6010 and 
E6020 electrodes. The welds were given a very careful 
visual inspection both prior to and after testing and only 
in Specimen 39 were any significant defects found which 
might have contributed to failure. 

In order to apply the load and obtain proper stress 
distribution, heavy pulling tabs were attached to each 
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Fig. 8—Details of Hatch Corner Specimen 35 


end of the specimen. These may be seen in several of 

the photographs. To supply some transverse restraint, 

such as would be supplied by the remaining structure im 
an actual ship, three transverse restraining beams were> 
attached to all specimens above deck. These may bé* 
seen in Fig. 27. These beams were given a small initial 

compressive load prior to testing by means of adjustable 

wedges. This same procedure had been used on previous 

hatch corner specimens. 

The first modification which was made to the basic 
specimen was to make the longitudinal girder continuous 
instead of the hatch end beam. Since the failures in 
ships were transverse and tests of previous specimens had 
shown that the longitudinal to hatch end beam joint was 
a weak point, it was felt that this change would give a 
considerable increase in strength. Specimen 27 con- 
tained this single design variation. 

A considerable number of early ‘‘Liberty’’ type ships 
were constructed with square corners in the deck plate at 
the hatch openings. In order to strengthen these hatch 
corners a gusset type of reinforcement was added, as 
shown in Fig. 2. Diagonal angle brackets were also 
added at the bottom of the longitudinal girder and hatch 
end beam intersection (U.S.C.G. Code 5). Specimen 28 
involved this modification. 

The hatch corners of a large number of later ‘‘Liberty”’ 
ships were constructed in accordance with U.S.C.G. 
_ Code 1, shown in Fig. 3. This type corner was in- 
corporated in Specimen 30. In order to determine the 
effectiveness of the large doubler which is included in the 
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Code 1 modification, Specimen 29 was constructed with- 
out the doubler. Otherwise these two specimens wer 
identical. 

In testing Specimen 30 a failure occurred in the upper 
end tab at a load of 2,180,000 Ib. The load was removed 
and a new end tab was attached. The specimen was then 
reloaded to failure. 

On a number of “Liberty” ships operated or repaired 
by the British, the hatch corner reinforcement shown in 
Fig. 4 was used. This has been designated as Britis! 
Code 1A. It involves three significant features. First 
full penetration welds are used between the deck and 
doubler plates and the coaming. Second, an unusual 
shape doubler is used. Third, diagonal strapping ‘ 
added at the bottom of the girder system. Specimen 3! 
incorporated these British modifications. 

Since the British Code 1A modification contained tliree 
significant changes from the basic design, it was desirable 
to know the effect of each of the changes. It appeared 
that the use of full penetration welds might be the most 
significant of the three changes. Therefore, Specimen }- 
was built using full penetration welds between the deck 
and doubler plates and the hatch coaming as shown !! 
Fig. 5. Otherwise it was the same as Specimen 5. 

Previous tests had shown that in the basic design the 
longitudinal coaming above deck carries about 75‘; 
load as the longitudinal girder below deck. The 
abrupt termination of this longitudinal coaming at the & 
corner of the hatch opening results in a severe stress col- & 
centration. Specimens 33 and 37 had the longitudina! 


FEBRUARY 


| 
+ pi bea 
|! = the t 
| SEC DETAR hat th 
== = SEE DETAIL A 
S#s — — 2 sus 
‘ | i as be 
| ! | » the | 
; | I he yi 
| \ ngitt 
hese 
VIEW 
lesigt 
shich 
Pv. ‘alife 
4 DETAIL A f thi 
thi 
wis 
° 
| 
DETAIL B 


ed with- 
were 


he upper 
removed 
was then 


repaired 
hown in 
British 
First 
eck and 
unusual 
ping 1s 
imen 31 


three 
esirable 
ypeared 
le most 
men 32 
1e deck 
own if 
). 
ign the 
5% as 

The 
at the 
Ss 
‘udinal 


tUARY 


aming extended above deck for 30 in. beyond the hatch 
4 beam as Shown in Fig. 6. Unfortunately the hatch 
nd beam of Specimen 37 was made from a piece of steel 
nich was badly laminated. This was discovered prior 
the test and close observation during the test showed 
hat the results were greatly affected by this condition 
nd cannot be considered valid. 
Specimen 34 was an entirely new design. This design 
as suggested by the American Bureau of Shipping and 
as been designated as the A.B.S. design. The details 
re shown in Fig. 7. The general configuration is similar 
» the hatch corner used on the “Victory” type ships but 
he plates are not as heavy. The distinctive features 
re: (2) an 18 in. radius in the deck plate, (b) a coaming 
parate from the longitudinal girder and hatch end 
eam, (c) continuous longitudinal girder, (d) extended 
ngitudinal coaming, (e) a substantial one-piece flange, 
ntaining generous radii, at the bottom of the main 
irder intersection and (f) the use of “‘snipes’’ to avoid 
neentrations of welding at the intersections of three 
lates. The previous tests had indicated that all of 
hese features would contribute to better performance. 
Specimen 35 was also of entirely different design. This 
iesign was based upon some preliminary small scale tests 
vhich were conceived and carried out at the University of 
‘alifornia by H. E. Kennedy. The details of this speci- 
nen are shown in Figs. 8,9, 10and11. The main feature 
{ this specimen is the use of a hot-formed section at the 


the corner, resulting in a °/s-in. thickness at the top of the 
formed section where it was attached to the coaming. 
The coaming and the longitudinal transition piece be- 
tween the deck and coaming were formed cold. This 
design resulted in the coaming being 6 in. out of line with 
the longitudinal and transverse girder system. A con- 
tinuous longitudinal girder was used on this specimen. 
Since the coaming of this specimen was not in the same 
location as those of the others, it was necessary to use a 
special transition section in connecting the coaming to 
the upper pulling tab. This is shown in Fig. 10. 

In testing this specimen no failure occurred at a load of 
3,000,000 Ib., the rated capacity of the testing machine. 
The load was removed. After an interval of about 66 
hr. the specimen was broken by overloading the testing 
machine. 

Specimen 36‘was the same as Specimen 5 except for the 
addition of diagonal brackets at the bottom of the longi- 
tudinal girder-hatch end beam joint, like those shown in 
Fig. 2. This test was designed to isolate one of the 
factors which was present in the British modification. 
Unfortunately, upon testing, this specimen was found to 
have a very badly laminated hatch end beam plate so 
the results were not valid. Specimen 38 was a repeat of 
this test. However, nearly all of the °/s-in. thick “‘C’”’ 
steel had been used and it was necessary to make the 
hatch end beam of this specimen out of another piece of 
steel. This steel was obtained on the local market and 
had tensile properties as shown in Table 4. These 


Fig. 9—Isometric View of Hatch Corner Specimen 35 


jorner. A piece of */;-in. “‘C’’ steel was forged to form 
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Fig. 10—Specimen 35: Above Deck View Before Test 


properties are very nearly the same as those for “C” 
steel and it is not felt that its use for the hatch end beam 
of this specimen in any way affected the results obtained. 

Specimen 39 was also a departure from conventional 
design. All of the other specimens had the longitudinal 
girder, the deck and the hatch end beam intersecting at 
right angles to each other which resulted in great rigidity 
and restraint to ductile behavior at this point. In an 
attempt to avoid this three-way intersection and provide 
some flexibility, the design shown in Figs. 12, 13 and 14 
was used in this specimen. 


Results 


The principal results of the tests are shown in Tables 5 
and 6. In all cases except a portion of the doubler in 
Specimen 30, cleavage type fractures were obtained. In 
several instances a crack would originate and progress for 
a few inches, accompanied by a slight decrease in maxi- 
mum load. This would be followed in an instant by 
major failure of the specimen; in all cases complete, or 


nearly complete failure of the deck. It is felt 
stress value which is most important is the 
sponding to maximum load. On the other 


hand. + 
important energy value is the one which indicates 4), 
the energy absorbed up to the point of major {aijy, 


These are the two values which are shown in Table ¢ 


the corner of the coaming. This crack appeared ata 
load a little above 1,200,000 lb. The crack increased jn 
length and opened up with increasing load until major 
failure of the specimen occurred. This consisted of com. 
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The nominal stress values shown in Tables 5 and ¢ werelli| Y 
computed by dividing the load by the area which ~ | x 
ported this load. In all specimens except 33, 34, 35 oI & 
and 39, this area included the deck outboard of the coay, XS 
ing, the longitudinal girder up to the top of the doubje pe 
the longitudinal girder flange and the doubler, if ap, rt 
Where radii existed, as in the deck plate in Specimen 9 I : 
one-third the radius was included in the width oj the 
plate. In Specimens 33, 34 and 37, having extende fi | 
coamings, the area of the entire longitudinal coaming ws ! 
included in the load-carrying area. For Specimen 3; | 
(Kennedy design) the formed section up to two thirds th rw 
height of the radius was included. Some of these arex Inds 
were somewhat arbitrary but there did not appear to ES 
any exact simple method which could be used. Fy MH |SaQe 
Specimen 39 the deck, the longitudinal girder and the HBP 
longitudinal girder flange made up the load-carrying ar, §j |—— 
at the point of fracture. Fr 

In order to serve as a basis for comparison, photography gS 
of a typical failure with cleavage type fracture in a spec. ise 
men of the basic design are shown in Figs. 15, 16, 17,15 HB |e: 
19 and 20. In these specimens the first fracture was ISM 
always a crack in the fillet weld between the doubler ang HH 2- 
the transverse coaming at a point 1 to 2 in. inboard from gS 
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Fig. 11—Specimen 35: Below Deck View Before Test 
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Fig. 


Welded Hatch Corner Specimen 39 U.C 


ajete or nearly complete fracture of the deck, originating 
tthe corner of the hatch opening. The longitudinal to 
watch end beam joint also failed in part or completely, 
ther coincident with the deck failure or after the deck 
acture had progressed for a few inches. 

It will be noted in Tables 6 and 5 that the addition of 
agonal brackets at the bottom of the girder joint 
Specimen 38) increased the maximum nominal stress 
nlv 5°%.* However, the increase in energy absorption 
t failure was 38%. The failure of this specimen did not 
depart from the typical except that, as shown in Fig. 21, 
the bottom of the longitudinal-hatch end beam joint did 
not separate. 

The use of a continuous longitudinal in Specimen 27 
save a 19.4% increase in maximum stress and an increase 
in energy absorption of 140%. Figures 22 and 23 show 
the fracture in this specimen. 

The gusset reinforcement (Specimen .28, U.S.C.G. 
Code 5) gave a maximum stress increase of 30.5% and 
increased the energy absorption at failure by 324%. 

The use of a radius in the deck plate at the hatch 
corner (Specimen 30, U.S.C.G. Code 1) produced a 52% 
increase in maximum stress and a 1610% increase in total 
energy absorption. The effectiveness of the doubler in 
this design is seen by comparing the results obtained with 
Specimen 29 which was the same except that the doubler 
was omitted. It will be noted that the absence of the 
doubler reduced the maximum stress by 6.5% and the 
energy absorption by over 71%. It may be seen in Fig 
24 that about one-third the fracture of the doubler in 
Specimen 30 was shear. This undoubtedly accounts for 


* All increases in strength and energy absorption are based upon the values 
for Specimen 5. 


part of the energy increase. Figure 25 is another view 
of this specimen after failure, while Fig. 26 shows the 
fracture in Specimen 29 which had no doubler. In both 
of these specimens the fracture originated at the inter- 
section of the longitudinal, hatch end beam and deck 
plates and progressed in the deck plate in two direc- 
tions—toward the outboard edge and toward the radius 
at the corner of the hatch opening. While these are 
single tests, it appears that the doubler is very desirable in 
this particular design. 

The British modification (Specimen 31) produced re- 
sults for which it is rather difficult to account. The in- 
crease in maximum stress was slightly over 25% and the 
total energy absorption increased 765%. This specimen 
contained full penetration welds, diagonal reinforcing 
brackets and a doubler of unique shape. Specimen 32 
which also contained full penetration welds with the 
regular small doubler showed an increase in maximum 
stress of 24% but an increase in total energy absorption 
of only 280%. Even if the increase of 38% in energy 
absorption found due to diagonal reinforcing brackets in 
Specimen 38 is added, the total is still far short of the in- 
crease in energy absorption shown by the British modi- 
fication, although the results of Specimens 29 and 30 do 
indicate that a doubler can have considerable effect on 
energy absorption. Figures 27, 28 and 29 show the frac- 
tures in this specimen. 

The results of Specimen 33 are most interesting in that 
a simple modification produced outstanding results. By 
the simple expedient of extending the coaming above 
deck for 30 in., the maximum stress was increased by al- 
most 45% and the total energy absorption by 1645%. 
It should be remembered that the longitudinal of this 


Table 6—Hatch Corner Tests 


Maximum Nominal Stress and Energy Absorption 


MAXIMUM NOMINAL STRESS~PSI 

- 

LLL. LA 

ENERGY ABSORPTION — IN LB 
MAXIMUM NOMINAL STRESS ENERGY ABSORPTION 
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The performance of Specimen 34 (A.B.S. design 


excellent, as was expected from the features whic} “an 
incorporated in it. The computed increase in maximum 
stress was only 36.8% which is somewhat less th. fo 
some of the other modifications. However, th cake 
puted stress for this specimen is probably not 4 fair 
method of comparison since it contained more metal 
which had to be included in the load-carrying area than 
was the case for the other specimens, yet it seems certain 


that a lot of this area was actually carrying very little 
load. This is borne out by the load values whici: show 
that this specimen carried a load of 2,880,000 Ib. which is 
greater than for any except Specimen 35. The energy 
absorption of this specimen was an increase of 199()°% 
over that of the basic specimen. The fracture of this 
specimen originated at the intersection of the longitudinal 
and transverse coamings and the deck and traveled jn 
four directions as shown by Figs. 33, 34 and 35. 
Specimen 35 represented a departure from con. 
ventional hatch design. The results indicate that this 
departure was well justified. The maximum load sus. 
tained by this specimen was much greater than for any 
other and the maximum nominal stress was more than 
proportionally higher due to the fact that a minimum of 


Fig. 13—Specimen 39: Above Deck View Before Test 


specimen was not continuous but intercostal. As shown 
in Table 5, this specimen actually carried greater load 
than Specimen 30. Thus this simple modification gave 
increased strength better than the U.S.C.G. Code 1 modi- 
fication and energy absorption considerably superior. 
It is unfortunate that the repeat test of this modification 
(Specimen 37), was invalid due to a laminated plate. 
However, the results, even with this badly laminated 
plate, indicate that this modification is very effective. 
Careful observations were made during the testing of 
Specimen 37 and there was no question but that the 
laminated plate was the cause of the early failure. In 
both Specimens 33 and 37 the absence of distortion at the 
hatch corner which resulted from the use of the extended 
coaming was remarkable. In other specimens, the corner 
of the coaming started to distort below a load of 1,000,- 
000 Ib. In these specimens almost no distortion oc- 
curred until just before failure. Figures 30, 31 and 32 
show this specimen after failure. 

It would be interesting to extend the coaming of a 
specimen of the basic design by adding a triangular plate 
to a completed specimen. This would correspond to 
adding this reinforcement to an existing hatch corner on a 
ship. If the results were nearly as effective as found in af 
Specimen 33, this simple procedure would be aneasy and 
effective way of strengthening hatch corners of existing 
ships. Fig. 14—Specimen 39: Below Deck View Before Test 
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material was used. The maximum nominal :stress of 
54,100 psi. is an increase of 124% over that of the basic 
design and is the only case where the maximum nominal 
stress clearly exceeded the yield strength of the material. 
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Fig. 15—Specimen 4: Over-all View from Above 


Fig. 18—Specimen 4: View of Fractures from Below, Outboard 
and Forward of Hatch End Beam 


Fig. 19—Specimen 4: View of Fracture in Weld Between 
Fig. 16—Specimen 4: Over-all View from Belo Longitudinal Flange and Hatch End Beam Flange 
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Fig. 17—Specimen 4: View of Fractures from Above 
3 


That this specimen did behave in a truly ductile manner 
is shown clearly in Figs. 36 and 37, which were taken 
after the specimen had been subjected to the first 3,000,- 
000-Ib. loading. Figure 36 is particularly significant in 
that this evidence of necking in the deck plate did not 
occur in any other specimen except No. 39. Figures 38 
and 39 show views of this specimen after failure. 


Fig. 20—Specimen 4: 


View of Fractures from Above 
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The total energy absorption of 6,770,000 in.-lb, 
considerably better than any other specimen and re 7 
sented an increase of 2840% over that of the basic a 
men. 

Perhaps the most significant fact about the test of 
Specimen 35 is that the fracture did not occur in the corne, 
as shown in Fig. 38. The fracture originated in the eojq’ 


forme 
an ar¢ 
At the 
cracks 

Whi 
that t 
tion 1 
which 
ably 


Fig. 23—Specimen 27: View of Fractures from Inside of Hatch 


Fig. 25—Specimen 30: View of F ractures from Below Deck and 
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; 
View of Corner from Inside of Hatch 
; Fig. 21—Specimen 38: View from Inside of Hatch Fig. 24—Specimen 30: View of Fractures from Above 
Fig. 22—Specimen 27: 
64-s 


Tb. was formed section at about the mid-point of the radius where 

1 repre. an arc had been struck in welding on a flanging clip. 

© speci. HM at the conclusion of the tests there was no sign of any 
cracks of any kind in the vicinity of the corner. _ 

test of While it could not be measured, observation indicated 

Corner, that the reduction in thickness in the deck plate on a sec- 

he cold. tion near the corner was probably greater than that 


which occurred near the fracture. There was consider- 
ably more necking near the corner than at the fracture 


id Fig. 28—Specimen 31: View from Below Deck, Outboard and Fig. 31—Specimen 33: View of Fractures from Above Deck 
Aft of Hatch End Beam and Outboard 
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Since over 60 hr. elapsed between the initial and second 
loading of this specimen it is possible that some strain-age 
hardening may have occurred. 

The design of Specimen 35 represents a distinctly 
different approach than that of Specimen 34 (A.B.S. de- 
sign). Specimen 34 is extremely rigid as the result of the 
use of the extended coaming and the heavy cross-over 
flange at the bottom of the girder intersection. On the 
other hand, Specimen 35 was designed to avoid rigidity 


Fig. 29-—-Specimen 31: View from wes Deck, Outboard and 
Forward of Hatch End Beam 


Fig. 26—Specimen 29: View of Fractures from Above 

latch 

; Fig. 30—Specimen 33: View of Fractures from Above Deck 
Fig. 27—Specimen 31: View of Fractures from Above and Inboard 


and allow plastic flow to occur easily. However, 
strength was not sacrificed by this procedure. 

While Specimen 35 represents a departure from con- 
ventional hatch design, it appears to be entirely prac- 
ticable. Only slight structural changes would have to be 
made to incorporate it into new ships. In view of the 
results obtained in these tests it appears that these 
changes could well be made in order to utilize this type of 
hatch corner. 

From a production viewpoint the design of Specimen 
35 offers no difficulties. In fact it is very well suited to 
either small or large scale production. 

While in view of the results, one hesitates to make any 
suggestions for changes in the design, Mr. Kennedy and 
the author believe it would be desirable to “‘snipe” the 
hatch end beam at the top and bottom where it intersects 
the longitudinal girder. 

The results obtained from Specimen 39 are probably not 
a true measure of the strength of this specimen. As 
shown in Fig. 40, this specimen, like No. 35, did not fail 
at the corner of the hatch opening. As can be seen in 
Fig. 40, the fracture originated at the inboard edge of the 


a 


Fig. 32—-Specimen 33: View of Fractures from Be 
and Outboard 


w Deck 


Fig. 33—Specimen 34: View of Fractures from Above Deck 
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34—Specimen 34: View from Below Deck, Outboard ang 
Forward of Hatch End Beam 


Fig. 35—Specimen 34: View from Inside of Hatch 


deck plate where a clip had been welded after completion 
of the specimen. The clip had been attached so restrain- 
ing cables could be attached so as to prevent the specimen 
damaging the screws of the testing machine when failure 
occurred. No particular care 
was taken in welding this cli 
since no failure had occurred 
previously in this vicinity on 
any of the specimens. As 4 
result the weld was badly un- 
dercut and the fracture origi- 
nated at this point. Prior to 
failure the specimen was be- 
having in a ductile manner 
with some necking of the deck 
plate as observed in Specimen 
35. The maximum nominal 
stress obtained in this speci- 
men was better than for any 
other except No. 35. It ap- 
pears probable that the energy 
absorption would have beet 
much higher if the rigging clip 
had not interfered. The re- 
sults do emphasize one addi- 
tional advantage of the Ker- 
nedy design—namely, that no 
plate edge is exposed at the 
hatch opening at the deck line 
where stresses are apt to be 
high. Figures 41 and 42 show 
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Fig. 37 


Fig. 36—Specimen 35: View Showing Necking in Deck Plate at End of First Test (3,000,000-Lb. Load). 
Fig. 37—Specimen 35: View Showing Distortion in Longitudinal at End of First Test. Fig. 38—Specimen 
35: Over-all View from Below Deck After Failure 


other views of Specimen 39 after fracture. No cracks of 
any kind except the main fracture occurred at any other 
place in the specimen. 


Conclusions 


From the results of the tests described the following 
conclusions are drawn: 

1. There are two basically different approaches to 
improved welded hatch corner design. One results in a 
very rigid structure wherein improved performance is 
btained by the addition of structural members and the 
reduction of points of high multiaxial stress concentration 
in so far as possible (a problem which is difficult with in- 
creased rigidity). The second approach is to design for 
4 minimum of rigidity so that plastic flow may occur 
naturally and easily, with the result that high stress con- 
centrations do not occur. This second type of design 
appears to be the superior. 

2. Since the principal stresses in the ship girder sys- 
tem adjacent to the hatches are longitudinal rather than 
transverse, the longitudinal girders near hatch corners 


should be made continuous with the transverse girders 


intercostal. Such construction adds about 19% in 
strength and 140% in ability to absorb energy. 

_ 3. The use of a hot-formed corner, having a radius in 
both vertical and horizontal planes, in the corner of a 
welded hatch, as exemplified by Specimen 35, produced 
lar better results, both in strength and energy absorp- 
tion, than any other design tested. Appreciable plastic 


1948 


DESIGN OF HATCH CORNERS 


flow was evident in the deck of this specimen. This was 
not observed in any other except No. 39. 

4. If the rigid type of welded hatch design is to be 
used, the most beneficial single feature which can be in- 
corporated is an extension of the longitudinal coaming for 
at least 30 in. beyond the transverse coaming. This 
single feature produced an increase of nearly 45% in 
maximum nominal stress and 1645% in energy absorp- 
tion, as compared to the basic design. This simple 
change resulted in as much of an improvement as that ob- 


Fig. 39—Specimen 35: View of Fractures from Above Deck 
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Fig. 40—Specimen 39: Over-all View from Above 


tained by the use of the more complicated U.S.C.G. 
Code 1 modification. 

5. The use of a hatch corner gusset plate and diagonal 
bars at the bottom of the girder system as a method of 
strengthening ‘‘Liberty’’ type ships (U.S.C.G. Code 5) 


was fairly effective. Its use in these tests produced a 
strength increase of 30% and a 324% increase in energy 
absorption. Of these increases, about one-sixth the 
strength and one-fourth the energy absorption were due 
to the diagonal brackets and the remainder to the gusset 
plate reinforcement. 

6. The method of reinforcement used on “Liberty” 
type ships by the British, commonly designated as 
British Code 1A, was about equal to the U.S.C.G. Code 5 
modification in strength but was about twice as good in 
energy-absorbing ability. 

7. Hatch corners of U.S.C.G. Code 1 design are very 
much superior to those having the basic design. They 
are about 52% stronger and will absorb about 1600% 
more energy. The doubler plate used in this design adds 
only moderately to the strength but appears to be re- 
sponsible for nearly 76% of the increased energy-absorb- 
ing ability. 

8. The use of full penetration welds between the deck 
and doubler plates and the coaming in a specimen of the 
basic design, in which the transverse hatch end beam was 
continuous and the longitudinal girder was intercostal, 
increased the strength by 24% and the energy-absorbing 
ability by 280%. 

9. While the results of Specimen 39 are not conclu- 
sive, because of what appears to have been a premature 
failure, the use of a box-type girder web as used in this 
specimen appears to be effective in introducing some 
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Fig. 42—Specimen 39: View of Failure from Below Deck 


flexibility into the longitudinal-hatch end beam joint and 
should be investigated further. 
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Fig. 41—Specimen 39: Close-up of Failure Viewed from Above lu 
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Discussion of Paper “Test of Various Designs of 


Welded Hatch Corners for Ships” 


By E. M. MacCutcheon’ 


OR the first time, the Ship Structure Research 

Program is providing information of primary 

interest to the designer. Professor DeGarmo’s 
studies and tests on the hatch corner reinforcements 
have been followed with great interest from their very 
beginning. For a Naval Architect, this test program 
presents a refreshing departure from the mass of metal- 
lurgical studies which have made up the bulk of the ship 
structure investigations. 

In the paper Professor DeGarmo makes the following 
statement, ‘“The statistical records gave indications that 
these modifications were effective in reducing failures but 
did not yield quantitative data regarding the relative 
merits of the various designs.’’ The author will be in- 
terested to know that such quantitative data actually 
exist. 

In the final report of the Board,t there is a tabulation 
of the relative performance of four of the basic hatch 
corner designs described in the paper. One reason for 
electing to test these four designs was that ‘performance 
data were available on them and a direct comparison 
could be made. Records are kept by the Coast Guard of 
the date on which the hatch corners of each ship are 
altered and the type of alteration is recorded in the form 
of the code numbers which have been mentioned in the 
paper. From these data, it is possible to obtain the 
service career of each type of reinforcement. This was 
done for the period up to Aug. 1, 1945, by accumulating 
the reinforcement records of all of the ships. For the 
same period, records of the cracks reported in each type 
of reinforcement were assembled and these records were 
compared to the corresponding accumulating service 
time. Table 1 gives a comparison between the data from 
the Board report and the results of the test program. 

It will be noted that the performance of the hatch 
corner test specimens, as measured either by energy 
absorption or ultimate strength, is exactly in the same 
order of quality as was indicated by the service record of 
the four types listed. 

Statistical data based upon service records for struc- 
tures are rare indeed. This is direct evidence, the 
validity of which cannot be questioned. It must stand as 

* Paper prepared by E. Paul DeGarmo and presented at the Ship Structure 
Research Sessions of the A. W.S. in Chicago, IIl., on Oct. 22, 1947. 
+ Naval Architect, U. S. Coast Guard. 


3 Final Report of the Board to Investigate the Design and Methods of Con- 
struction of Welded Steel Merchant Vessels, Exhibit I, Part IV-B. 


the court of last appeal for appraising the effectiveness of 
design, materials and methods of fabrication. The good 
agreement between the test results and the service statis- 
tics must be gratifying to the researchers. This addi- 
tional confirmation, however, is probably even more 
gratifying to those of us who were responsible for the 
alterations which were applied to the liberty ships. Lack 
of agreement between the tests and the service records 
would, of course, cast doubt on the validity of the test 
method because the service records are unimpeachable. 
This was not the case, however, and the quality of the 
test results is in no small part the responsibility of Pro- 
fessor DeGarmo and his staff who deserve to be com- 
mended for their successful effort. The satisfactory 
agreement between the results of the four specimens 
listed in Table 1, and their performance in service, 
assures us that extrapolation of this test method to other 
new designs is a valid procedure and that the results indi- 
cated on the superior hatch corner reinforcement designs 
described in Professor DeGarmo’s paper are undoubtedly 
a real indicator of the merit of these designs. 


Another and perhaps even more important item is 
brought to mind by this paper. That is the question of 
interpretation of results. It has been pointed out above 
in this comment that the four designs arranged in order 
of merit were found to stack up in the same order when 
arranged by either energy absorption or ultimate strength. 
This might not always be the case. Which is the correct 
criterion, energy absorption or ultimate strength? This 
question almost invariably will draw an evasive answer. 
More recently, it appears that the engineers associated 
with this work have been accepting the criterion of 
energy absorption. Lack of a complete explanation for 
this premise indicates that the acceptance of energy ab- 
sorption as a criterion may be largely intuitive. A more 
concrete and rational basis for evaluating the relative 
merits of structural components is needed. 


Attendance at the American Society for Metals 
fracture seminar, and a review of the many papers on 
ship structure completed in the past few months has 
given me considerable cause to think on this subject. I 
am sure that my opinions will, by no means, satisfy 
everybody associated with this work but they may serve 
to draw out comments from others who have weighed 
this problem. In particular, the author of this paper, who 


Table | 
Ship 
Months’ Fractures 
. U.S.C.G Service Fractures Per Ship Specimen Energy Ultimate 
Design Feature Code Time Reported Month No. Absorption Strength 
22,146 210 9510-* 5 230,000 24,000 
Gusset reinforcement 5, 6 and 7 17,115 37 2210-4 28 974,000 31,500 
Insert rounded 3, 4 and 8* | 5,403 8 1510-4 29° 1,132,000 34,400 
Insert and dblr. rounded l and 2 7,722 0 0 30 3,938,000 36,800 


ture. 


* Some of the designs included under codes 3, 4 and 8 were not identical to test specimen No. 29 but they involved the same design fea- 
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has had long association with the ship structure program, 
must certainly have formulated valuable concepts which 
would assist us in the interpretation of structural test 
data. 

It appears to me that as designers, we are essentially in- 
terested in a homogeneous structure. If all the parts be- 
have alike and neither hog nor shirk their fair share of the 
applied load, then no one part is more likely to attract 
trouble than any other part. Such a structure could then 
be expected to withstand loading right up to the limits 
of the material characteristics. The bulk of ship struc- 
ture behaves as a tensile bar in resisting external load. 
The stress-strain performance of the material is un- 
doubtedly a feature of its behavior. It is the unpre- 
dictable behavior of certain components which depart 
from the norm which limits the ability of the structure as 
a whole to give adequate performance. 

The hatch corner (to take a specific example) is an 
integral component of the hull. To satisfy the require- 
ment of homogeneous performance, it must behave 
exactly as the other parts of the hull behave. This is the 
ultimate goal of achievement and it implies the need for 
parallel performance with respect to elengation, as well as 
to stress. Let us suppose that a hatch corner design 
specimen exhibits high ultimate nominal stress but low. 
energy absorption. This means that its total elongation 
to rupture is low. The resisting stresses in other parts of 
the structure are a function of the load elongation proper- 
ties of the material. Since all components must elongate 
together, the hatch corner in question possesses the 
characteristic of accumulating higher stress in proportion 
to its elongation than do adjacent components. It will, 
of course, be headed for early destruction because it will 
attract more than its fair share of the load to be resisted. 

On the other hand, let us consider a hatch corner design 
which absorbs much energy before failure but which 
exhibits a low ultimate stress. No such designs are in- 
cluded in the paper under discussion but it is easy to see 
that a design could be made with the aid of springs or 
deflection plates which would elongate tremendously, 
absorb much energy but offer low resistance to load. 
While the hatch corner component is extending, the 
great elongations would be causing the adjacent struc- 
ture to reach high stress values. Such a hatch corner 
design would be shirking its load-resisting function as an 
integral part of the hull structure. Such shirking cannot 
be permitted in a larger element of the structure if 
economy in design is to be.achieved. Incorporation of a 
component of this type would necessitaté adding strength 
elsewhere in the structure to compensate for its in- 
adequacy. 

Locked-in stresses, transient loads and fatigue have 
not been given separate mention. Each of these loads 
makes its special demand on the resisting structure. 
Locked-in stresses demand elongation ability to dissipate 
and balance their high peaks. Transient loads demand 
energy absorption ability to dilute and absorb them. 


pression of them. 


Fatigue demands continuity and freedom from stres, 
concentrations. It appears to me that no one criterioy 
can be used to appraise the quality of a structural com, 
ponent. Hatch corners and similar elements of strengt}, 
structures must be compared to the characteristics of th. 
other elements of the structure of which they are a par; 
They must exhibit similar performance, both as to clong,, 
tion and as toloadresistance. In short, they must be 
to do both things, absorb energy and resist load. 

To the ship designer, this is a new and revolutionary 
concept. We are accustomed to estimating loads, com. 
puting stresses and comparing our designs entirely on the 
basis of stress. It now appears that we must give cop. 
siderably more thought to the question of whether oy 
design components are capable of elongating as a 
integral part of the structure into which they are to ly 
fabricated. 

The thoughts and comments of Professor DeGarmo oy 
the interpretation of test results would certainly be , 
valuable adjunct to the data presented in the paper. 


Author's Reply to the Comments 
of E. M. MacCutcheon 


The author wishes to thank Mr. MacCutcheon for his 
careful analysis of the paper and for his comments. It is 
indeed gratifying to learn that the statistical records are 
in agreement with the laboratory tests. 

Mr. MacCutcheon’s comments and questions regard- 
ing the relative importance of ultimate strength and 
energy absorption are very pertinent. The writer be- 
lieves that Mr. MacCutcheon has himself given a very 
good answer to this problem in discussing the require. 
ments of homogeneous performance. The ideas ex. 
pressed in a familiar poem, ““The Wonderful One-Horse 
Shay,” are applicable to ships and other structures. [/ 
all parts of a structure cannot assume their proper por- 
tions of the load, the design is poor and trouble is apt to 
result. The author feels that high ultimate strength is 
desirable, but this should be accompanied by good energy 
absorption which will result if the structure can behave 
plastically under high load. It is very difficult to have 
much energy absorbed without having a combination of 
both good ultimate strength and ductility. It appears 
that too little attention has been given to producing 
welded hatch corners which allow plastic flow to occur. 
This is why we feel that specimens 35 and 39 are of great 
significance. Neither failed at the corner. When a rea- 
sonable amount of elongation can occur, there is likely to 
be little difficulty from locked-in stresses, fatigue or 
multiaxial stesses. 

Again the author wishes to state that he is in. entire 
agreement with Mr. MacCutcheon’s cormments along 
these lines and to congratulate him for his excellent ex- 


Discussion by John Vasta 
(Continued from page 49) 

(angle of bend 6° as against 54°). Here, we seem to 
face an apparent inconsistency; one type of test indi- 
cates no appreciable difference in ductility behavior, 
another type does. Is there a logical explanation for 
this? 

Referring again to Table 5, it is noted that the bend 
tests of the flat plate specimens as received indicate 
essentially similar strength and ductility at 70° and —40° 


70-s 
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F. When a chisel mark is introduced the plate tested at 
—40° F. shows a marked loss in ductility. This differ- 
ence in behavior emphasizes the importance of the com- 
plex stress system purposely introduced in one specimen 
and omitted in the other. One may ask how acute must 
a notch be before it “becomes the trigger for initiating 
cleavage fracture?”’ 

Summary, Table 1, includes a column which refers to 
nominal stress at the proportional limit. “This term is 
not clear and requires some explanation as to its signifi- 
cance. 
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The Correlation of Laboratory Tests 


with Full Scale Ship Plate Fracture 
Tests 


By E. P. Klier,t F.C. Wagnert and M. Gensamert 


Abstract 


In the following report the notch impact tests conducted on mer- 
chant vessel quality ship plate have been discussed. Tests have 
been conducted so as to establish the energy absorption-tempera- 
ture curves for selected steels having widely separated tempera- 
tures of transition from ductile to brittle failure. It has been 
shown that the results of standard impact testing are not suitable 
to allow prediction of the behavior of a given quality steel in a 
ship’s structure, based on the correlation of the impact test results 
with 72-in. plate tension test results. 

Additional impact tests have been conducted to show the effects 
of (a) strain; (6) strain aging; (c) variations from plate to plate; 
(d) final plate thickness and (e) grain size on the transition range 
from ductile to brittle failure on selected project steels. 

In an attempt to develop a testing procedure whereby satisfac- 
tory prediction of the 72-in. plate test behavior is obtained, the 
rate of bend testing of notched bars was decreased, while the size 
of the specimen was increased. The specimen developed in this 
way has proved adequate for specifying the large plate behavior 
of the steels with certain exceptions which have been discussed. 
Subsequently, this type specimen has been replaced by a type de- 
veloped by Schnadt.* 

It has been shown that load-deflection diagrams, obtained for the 
slow bend test, are not in all instances suitable for energy absorp- 
tion measurements to reveal the temperature of transition from 
brittle to ductile failure. Frequently such measurements indicate 
the brittle failure as absorbing as much energy as does the ductile 
failure. This for the most part is due to energy absorption re- 
sulting from penetration of the specimen by the specimen supports 
and tup. However, it has been shown that for some of the steels 
tested appreciable ductility may be observed before brittle failure 
of the specimen. . 

The microstructures of the steels have been presented. 


* The work reported here has been conducted’ under the auspices of the 
Committee on Ship Construction, Division of Engineering and Industrial Re- 
search, National Research Council Advisory to the Office of Scientific Re- 
search and Development and to the Bureau of Ships, Navy Department. 
Material has, in part, been taken from reports OSRD No. 6204, Serial No. 
M-613 and NObs 31217, Serial No. SSC-9. The opinions expressed are those 
of the authors and are not necessarily those of the Ship Structure Committee 
or the Navy Dept. 

Presented at Twenty-Eighth Annual Meeting, A.W.S., Chicago, Ill., week 
of Oct. 19, 1947. 

t Assistant Professor and Research Assistant, respectively, Division of 
Metallurgy, The Pennsylvania State College, State College, Pa. 

t Assistant to Director of Research, Carnegie-Illinois Steel Corp. Formerly 
Head, Department Mineral Technology, The Pennsylvania State College, 
State College, Pa. 


Introduction 


E high incidence of more or less severe struc- 
tural failures in Liberty Ships was a matter of 
grave concern in the past war. In the attempt 

to isolate the basic reasons for these failures it was de- 
cided, among other things, to conduct an extensive in- 
vestigation of the steels normally used in the construc- 
tion of these vessels.' Since at that time it was evident 
that one of the most serious difficulties consisted in un- 
certainty of the service properties of ordinary ship plate, 
a program was developed leading to the testing of large 
plate specimens in which were located severe stress 


Table 2—Gas Analyses of the Steels 


Steels % N:* % N:** % Net ——% 
A 0.004 0.004 0.004 0.0048 0.0048 
Br 0.005 0.003 0.004 0.0040 0.0040 
Bn 0.006 0.004 0.005 a 
Cc 0.009 0.007 0.010 0.0094 0.0094 
Dr 0.006 0.004 0.005 0.0046 0.0046 
Dn 0.006 0.003 0.005 
E 0.005 0.002 0.005 0.0034 0.0034 
H 0.004 0.0044 0.0045 
N 0.005 ed : 0.0048 0.0048 
Q 0.006 0.0066 0.0065 


* Bethlehem Steel Corp. 

+ Battelle Memorial Institute—K jeldahl. 

~ Vanadium Corporation of America. H. Chandler. 
** Battelle Memorial Institute—Vacuum Fusion. 


Table 1—Chemical Analyses of the Steels* 


Steel Thermal Treatment C%Mn%P% % S% ALM Ni% Cu.% Mo,% Sn, % 
At As-Rolled 0.26 0.50 0.012 0.039 0.03 0.012 0.02 0.03 0.03 0.006 0.003 
Brt As-Rolled 0.18 0.73 0.008 0.030 0.07 0.015 0.05 0.07 0.03 0.006 0.012 
Bnf Normalized 0.18 0.73 O.011 0.030 0.04- 0.013 0.06 0.08 0.03 0.006 0,015 
Ct As-Rolled 0.24 0.48 0.012 0.026 0.05 0.016 0.02 0.03 0.03 0.005 0.003 
Drt As-Rolled 0.22 0.55 0.0138 0.024 0.21 0.020 0.16 0.22 0.12 0.022 0.023 
Dnt Normalized 0.19 0.54 0.011 0.024 0.19 0.019 0.15 0.22 0.12 0.021 0.025 
E As-Rolled 0.20 0.33 0.013 0.020° 0.01 0.009 0.15 0.18 0.09 0.018 0.024 
Ft As-Rolled 0.18 0.82 0.012 0.0381 0.15 0.054 0.04 0.05 0.03 0.008 0.021 
Gt As-Rolled 0.20 0.86 0.020 0.020 0.19 0.045 0.08 0.15 0.04 0.018 0.012 
Ht As-Rolled 0.18 0.76 0.012 0.019 0.16 0.053 0.05 0.09 0.04 0.006 0.004 
Nt As-Rolled 0.17 O.53 O.011 0.020 0.25 0.077 3.39 0.19 0.06 0.025 0.017 
Qt 1625° F., HxO Quench— 

1300° F., 2 Hr. 0.22 1.13 0.011 0.030 0.05 0.008 0.05 0.13 0.03 0.006 0.018 

* Supplied by the Bethlehem Steel Corp. 


t Semikilled. 
t Fully killed. V % < 0.02; A,% < 0.01 in each steel. 
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raisers. By means of these stress raisers it was hoped 
that stress conditions closely simulating the most sever, 
to be found aboard ship could be reproduced. The larg. 
plate test results then could be expected to correlate with 
the behavior of these steels in ship structures. Ty), 
program also entailed the testing of certain fu!| scale 
structural elements in order to ensure adequate correl,. 
tion between the plate test conditions and service congj. 
tions. Pertinent details concerning the experimentation 
and results of this testing program are to be found in the 
several reports from the University of Illinois? anq 
the University of California.*-* 

The plates tested in the above references ranged jy 
widths up to 72 in. Minimum specified widths were 
12 in. It is obvious that such specimens, if entirely 
satisfactory in classifying the steels, could not be used 
for specifications purposes, both because of the expense 
thereby incurred and because of the general lack of suit. 
able testing equipment. It was necessary that a labora. 
tory test be developed to allow prediction of the be. 
havior of a given steel when that steel was to be used in 
the construction of a merchant vessel. It was with re. 
gard to this need that the project, on which the present 
paper is a partial report, was established at The Pennsy|- 
vania State College. 

The basic problem involved in advancing a suitable 
laboratory test to correlate with the large plate test 
results consists in the evaluation of fracture phenomena 
as a function of section size. For many years it has been 
known that a change in section toward larger sizes in- 
creases the tendency of a given steel to fail in a brittle 
manner,’ '! but the reasons for this behavior have not 
as yet been clarified. Because of this situation the large 
plate-testing program was initiated, but because of the 
time required for the conduction of these large plate tests 
an appreciable time elapsed before sufficient data were 
available with which to compare the laboratory test. 
It was proposed then that the program of testing at The 
Pennsylvania State College consist of two parts: namely, 
(a) an investigation of the behavior of the project steels 
in standard impact testing and (b) an examination of the 
fundamental factors affecting flow and fracture in the 
steels concerned. The first part of the program would 
lead to an extensive backlog of data which could possibly 
point the way to a suitable specifications test for mate- 
rials selection. The second part of the program could 
prove valuable in developing a general understanding 
of the problem of plastic flow and fracture. 

It is not the purpose of the present report to treat of 
the second part of this program; rather it is desired to 
present here the results of impact testing and the steps 
in the development of suitable tests to correlate with the 
large plate test results. One such test has been devel- 


oped by successive modification of the standard impact 
test. 


The Testing Program 


In order to specify the orientations of the specimens in 
the plate, the following designations have been used. 
The letters L, H and B, respectively, stand for-the roll- 
ing direction, thickness direction and cross-rolling direc- 
tion. Im stating the orientation of a specimen in thie 
plate two letters are required, as for example LH and 
BH. The first letter indicates the direction parallel to 
the long axis of the specimen; the second letter, the 
direction parallel to the long axis of the notch. 

The impact-test data were to allow the construction of 
energy absorption vs. temperature curves. For con- 
venience in testing this required the use of a Charpy-type 
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Testing Procedure 


The impact testing was conducted in the usual manner. 
The dimensions of the test specimens are given in Fig. 1. 
Specimens were placed in a liquid bath at the desired 
temperature and were held for 5 min. They were then 
rapidly transferred to the specimen supports and broken in 
an estimated 3- to 5-sec. fime. The results of Gillett 


Ttation and McGuire" indicate that no appreciable temperature 
: “, the change occurs in the specimen in place on the specimen 
and supports in this time interval. Their results have been 
checked in this laboratory.'* It is pointed out, how- 
1ged in ever, that when plastic deformation occurs during testing 
IS Were * local heating arises which must seriously influence the 
“ntirely character of the subsequent breaking process. Tem- 
€ Used perature and energy absorption were recorded for a 
‘XPense minimum of three specimens per temperature. 
hae Pk , Bend testing was conducted on a standard tension 
sed in tae ee oc I —_— sented in Figs. 2, 3 and 4. The specimen was totally 
‘ith re. Fig. 2—Photograph of Equipment General Assembly immersed in a liquid bath throughout the test to ensure 
sais near isothermal conditions. The temperature of the 
Sit specimen was not measured, but due to the low speed at 
so which the test was conducted negligible temperature 
titable specimen, as this specimen can be refrigerated separate variations due to plastic deformation could be expected. 
" ree from the machine and then rapidly inserted in the The use of the liquid bath has the added advantage that 
omena specimen supports and tested. Because of the failure it allows continuous testing. Thus a series of speci- 
shes of such data to correlate with the large plate test data 
es in. the Charpy test was subjected to successive modifications 
brittle with the final development of a slow bend test. It 
ye Rot appeared advisable that certain additional data be ob- 
» large tained at various stages of the work. The over-all pro- 
of the gram can be divided conveniently into two main groups 
van with several subdivisions in each group. These are as 
follows: 
test. A. Charpy tests for: 
t The i—Standard LH V-notch bar. 
mely, ii—Standard LH keyhole-notch bar. 
steels iii—LH double width specimen; sawcut notch. 
of the iv—Pffect of strain on the transition temperature 
n the test A-ii. 
would v—Effect of strain aging on the transition tem- 
ssibly perature; LH keyhole-notch specimens. 
mate- vi—Spread in transition temperature in virgin 
could plates Steel C. Tests: A-i, A-ti, A-tii. 
nding vii—Plates of different thicknesses are required 
in the ship structure. Tests: A-i, A-ii 
at of were used to determine the effect of final 
ed to plate thickness on the properties of Steel 
steps 
h ie viii—Spread in transition temperature due to 
level- variations in grain size Steel N. Test 
ipact A-ii. 
. ix—Frequency plot of energy absorption values. 
B. Slow notch bend tests for: 
i—Standard LH Charpy V-notch specimen. 
ii—Double height LH Charpy V-notch specimen. 
iii—Double height, double width LH Charpy 
ns in V-notch specimen. 
iv—Specimen test B-iii modified. 
TOL- 
irec- 
the Steels 
and 
‘I to The steels selected for testing were chosen to give a 
the [| wide range of transition temperatures and thus encom- 
_ &f pass the extensive range of properties that might nor- ey 
n ol mally be encountered in ship plate quality steels. Perti- 6 ae «eee 
con- nent information concerning these steels is contained in —— - 
ype Tables 1 and 2. Fig. 4—Photograph of Punch 
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mens may be placed in the bath well in advance of test- 
ing, then inserted in the specimen supports and tested 
immediately. The average time for testing one speci- 
men then becomes about '/, min. The bend testing 
throughout has been conducted with autographic re- 
cording of load-deflection curves. From these curves 
it has been possible to construct energy absorption- 
temperature curves. For the final testing procedure 
used, it has not been desirable to continue the auto- 
graphic recording of load-deflection curves, as energy 
absorption-temperature curves have not been found ade- 
quate for general usage. 


Representation of Experimental Results 


The evaluation of impact-test data is subject to much 
controversy. This is true even of the type of curve 
through the points to represent such data, so that such 
phenomena as transition temperature and transition 
range must be defined. In general it may be remarked 
that the width and position of the transition range is 
dependent on the section geometry primarily, although 
the quality of the steel has a secondary effect. Further, 
the transition range is normally understood to refer to 
energy absorption as a function of temperature, and for 
slow bend testing, in particular, this may not be a sensi- 
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tive means of indicating the transition range; i.e., the 
brittle specimens absorb nearly as much energy as do the 
ductile specimens. This results in large measure from 
the work of deformation under the supports, but the 
various contributions to the total energy absorption 
cannot be isolated, so that a brittle failure seemingly re- 
quires an appreciable amount of work by this test. 

To return to the transition range in the impact test, 
the following observations have been made. 
Charpy V-notch specimen the fully ductile condition 
may be removed 150° F. from the fully brittle condition, 
with the two levels being continuously connected 
through this temperature interval. For the Charpy key- 
hole-notch specimen this transition range is not so clear 
cut. It seemingly can be made up of two parts. For 
instance, with, the nickel steel which was investigated 
(Fig. 5) maximum energy absorption was observed at 
about 40° F. with a value of 55 ft.-Ib. being recorded. 
From 40° F. the energy absorption fell off linearly with 
temperature to a value of 30 ft.-lb. at —180° F. Be- 
tween — 180° F. and — 240° F. the energy absorption fell 
to 5 to 10 ft.-lb. Dependent on the definition of transi- 
tion range it is possible to exclude or include the tempera- 
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ture interval — 180° F. to +40° F. in describing the tran. 
sition range for this steel. The situation described here 
is the most extreme which has been encountered, byt 
curves of this sort have been observed frequently. For 
those steels in particular which have relatively high 
transition ranges (temperatures), the energy absorption 
values gradually increase through the transition range 
to the maximum for the fully ductile state. Even more 
complicated sets of data have been obtained, but an 
attempted discussion of these would be of little profit 
at this point. 

The phenomenon encountered in the study of the nickel 
steel caused concern as to its generality. More spe- 
cifically, it was important to determine if, in general, in 
the transition range there occurred a discontinuity in 
the curve used to represent this transition range. The 
presence of such a discontinuity could be of considerable 
physical significance, although the attempted solution 
of this question was directed at providing an adequate 
basis for the selection of a type of curve for the repre- 
sentation of the impact-test data. Two sets of 60 speci- 
mens each of steels Dr and E were prepared and tested. 
An effort was made to confine all tests to the transition 
range and to distribute them uniformly through this 
range. The results are presented in Figs. 6 and 7. The 
full curve is drawn through the average values of the 
tests at each temperature while the dotted lines are 


60 
FIG. 7 
STEE 
50 
KEYHOLE NOTCH 
40 
| 
- 
30 


20 72 


ENERGY ABSORPTION FT.-LBS. 


-120 -80 -40 ° 40 80 120 
TEMPERATURE oF 
Fig. 7 


cw 


av 
Toy 
| 
so 
he 
160 
-120 | 
40 | 
| 40 | 
| 60 
120 
at 
ne 
: 
Fe 
e 


tran- 
here 
|, but 
For 
high 
rption 
range 
more 
ut an 
profit 


nickel 
e Spe- 
ral, in 
ity in 
The 
erable 
lution 
quate 
repre- 
speci- 
tested. 
isition 
h this 
. The 
of the 


es are 


— 


120 


UARY 


| 
a, 
\ 
\ 
\ 
\ 
wW 
oO 
\ r- - 
= 
a HY 5 zx \ le 
335 
Susi 
| 
z 
oy 
1 
2 
n 2 
\ | 


1948 


4 
160 


: 
~ 
TES 
CORRELATION OF LABORATORY WIDE PLATE 


° x 
| | 
4 
= 
| \ 
\ 
\ \ w 
\ 3 


Table 3—The Transition Temperatures in Degrees Fahren- 
heit at 25 and 50% Maximum Energy Absorption for the 


Indicated Tests 
Test A-i Test A-ii Test A-iii 72-In. 
Plate 
Steel 25% 50% 25% 50% 25% 50% 50% 
A 55 0 — 0 40 60 35°* 
Br — 20 10 —-40 —30 —5 10 30° 
Bn 10 30 —-40 —20 15 35 45° 
Cc 65 100 0 15 35 50 95° 
Dr 0 45 —-80 —60 -45 
Dn —5 30 —30 308 
E 100 +=150 5 30 45 75 925 
F —10 —40 —-85 —30 
G 20 40 —55 —40 —15 10 
H —10 0 —-80 —50 —30 0 20° 
N —130 -50 —230 -220 -—140 —100 — 40° 
Q 30 —-100 —55 —30 15 


* See references. 


Table 4—The Transition Temperatures in Degrees Fahren- 
heit at 25 and 50% Maximum Energy Absorption for Speci- 
mens Prestrained in Tension: Test A-iv 


Strained, Strained, Strained, 72-In. 
2% Elong. 5% Elong. 10% Elong. Plate 
Steel 25% 580% 25% 80% 25% 65% 50% 
A 20 40 35 45 40 60 35°* 
Br —20 —5 +5 10 10 20 30° 
Bn —20 Oo -—-10 0 15 30 45° 
G 40 55 55 65 70 95 95° 
Dr -60 -—-30 —35 0 —5 20 305* 
Dn -75 -55 —-45 -25 —30 0 308 
E 50 70 45 60 60 85 925 
H -90 -55 -55 -35 —-40 —20 20° 


* See references. 


curves obtained with a fewer number of tests (cf. Fig. 
9). The steels are relatively widely separated from one 
another in terms of their transition ranges and possibly 
represent near extremes in ship plate quality steel. It 
is felt that the data here presented indicate good repro- 
ducibility and tend to support the view that the ductile 
state changes into the brittle state continuously with 
decreasing temperature. However, on the basis of data 
from other sources'* it must be concluded that energy 
absorption vs. temperature curves of several different 
types may be obtained with the Charpy keyhole-notch 


specimen. For the steels investigated here the resul s 
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of extensive testing have indicated that all but 4 few 
exceptional sets of data may be represented by Curves 
such as those in Figs. 6 and 7. This is convenient as i; 
allows the definition of a transition temperature, ix terms 
of energy absorption values. Such values of the trangj. 
tion temperature can then be tabulated, as has bee: done 
for values of 25 and 50% maximum energy absorption 
for each set of data. In other words, in the present 
report two transition temperatures are defined as 2% 
and 50% maximum energy absorption. 

As stated above, load-deflection curves were obtained 
for the slow bend tests. The energy absorption is taken 
as the area* under the respective curves. From these 
data energy absorption-temperature curves have beey 
drawn. For this testing procedure the transition range 
is normally very narrow and can satisfactorily be termed 
a transition temperature. Such transition temperatures 
have been recorded. A fuller discussion of this point js 
given later. 

Information concerning the nature of the breaking 
process can be obtained from an examination of the frac- 
ture surfaces. These data have been tabulated for cer- 
tain of the tests. Additional data are presented in the 
form of photomicrographs and typical curves which have 
contributed to the development of the discussion. 


Experimental Results 
A. Charpy Tests 


A-i,’ A-ti, A-iti.—Energy absorption vs. temperature 
curves were obtained for the steels, for impact testing 
using specimens a, 6 and c in Fig. 1. The data for this 
testing are presented in Figs. 8, 9 and 10. Numerical 
data from these curves are presented in Table 3, for 
comparison with data taken for the large plate tests. ' 

For all the project steels tested, fracture behavior is 
characterized by a relatively large temperature interval 
in which the transition from ductile to brittle behavior is 
effected. No such extensive range exists for the large 
plate data. This fact led to the arbitrary selection of 
temperatures corresponding to 25 and 50% of maxi- 
mum energy absorption in the impact tests for tabula- 
tion. Before these data are considered the following re- 
marks are pertinent. 

In the initiating of the impact-testing program, it was 
felt that an evaluation of the steels would be obtained 
which would correlate faithfully with the large plate 
behavior of the respective steels. Due to distortion a 
direct correlation probably would not be obtained, but this 
need not be a serious shortcoming in the adequate utili- 
zation of the tests, as correction factors could be used. 

With these facts in mind attention is directed to the 
results for Steels A and C, Figs. 8, 9 and 10 and Table 3. 
Steel C was melted to duplicate Steel A. The energy 
absorption curves and the tabulated data indicate that 
the duplication by the small scale tests has been entirely 
adequate. The data taken from the darge scale tests, 
however, reveal these two steels as having wholly dii- 
ferent fracture characteristics. Therefore, it must be con- 
cluded that the standard impact tests do not, in general, 
evaluate the steels in the proper order, and can lead to 
highly erroneous notions as to the suitability of a given 
steel for a ship structure. Sufficient experimentation 


has not been conducted to indicate how extensively this 


behavior is encountered, but the data presented here 
indicate the standard impact test to be highly unre- 
liable. Thus, in Fig. 9, Steel E is indicated as being the 
least satisfactory steel tested. Steels A and C are 
placed second and are followed by the main body of the 


* The procedure for determining this area is given in a subsequent section. 
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steels, with Steel N rated as the best quality steel of the 
group. On the other hand, by the 72-in. wide plate 
tests three groups of steels are indicated, with Steels C 
and E having the same transition temperature being 
listed as least satisfactory. Steel N, as could be expected, 
stands alone as the best quality steel, with all the re- 
maining steels having transition temperatures grouped 
between 20 and 40° F. This situation could not have 
been surmised satisfactorily from a consideration of 
Figs. 8, 9 and 10. 

A-iv.—The next step in the search for a correlation 
test resulted in the investigation of prior strain history 
on the transition range for certain of the steels. In 
brief, it was noted that specimens from the respective 
72-in. wide plate specimens gave transition ranges which 
depended on the amount of prior strain imposed on the 
plate. Further, the transition range for Steel C was 
displaced to higher temperatures as a function of prior 
strain at a much higher rate than that for Steel A. To 
check this point systematically, series of plates were 
strained in tension in the rolling direction, 2, 5 and 10%. 
From these plates Standard LH Charpy keyhole-notched 
specimens were prepared. The time between strain- 
ing and testing was about 1 mo. The results of this ex- 
perimentation are presented in Figs. 11, 12 and 13 and 
in Table 4. 


ENERGY ABSORPTION (FT LB) 


“20 “60 40 80 120 160 
TEMPERATURE °F 


The general effect of increased prior strain is the dis- 
placement of the transition ranges to higher tempera- 
tures. For 10% prior strain this resulted in the separa- 
tion of Steels A and C, with C becoming evaluated as 
equal to Steel E. By taking the transition temperature 
for the specimens strained 10% as that indicated at 50% 
maximum energy absorption, relatively good agreement 
obtains with the large plate test results. This testing 
procedure, however, is not satisfactory for the convenient 
examination of ship plate quality steel. 

In the course of testing that plate which had suffered 
prestrain it was observed that prestrain altered the ap- 
pearance of the transition region in some instances. In 
Figs. 14 and 15 are presented the results of testing 
Charpy keyhole-notch specimens taken from plates of 
Steel Dr, prestrained an unknown but different amount. 
The plates were quarter sections of the large plate tensile 
specimens. The plate yielding the results in Fig. 14 
failed brittlely, therefore with negligible imposed strain. 
The plate yielding the results in Fig. 15 failed ductily, 
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Fig. 15—Plate 5-1 Steel Dr Tested at 15° F. Standard LH Charpy 
Specimens, Keyhole Notch 


therefore with an appreciable plastic strain being im- 
posed on the material tested. In Fig. 14 the occurrence 
of intermediate energy absorption values is indicated. 
That this is not an isolated occurrence is readily shown 
from Fig. 8 for the same heat of steel. In Fig. 15 the 
indication is that intermediate energy absorption values 
are excluded. It is recognized that the density of points 
in this interval does not allow emphasis of this point, 
but it is believed that the presence of low levels of plastic 
strain, as could occur in as-rolled plate, tends definitely 
to the occurrence of scatter in the transition range and to 
the development of energy absorption vs. temperature 
curves in which intermediate energy absorption values 
do not occur. 

A-v.—In the above testing the strained specimens were 
held at room temperature for 1 mo. Possibly aging 
could have taken place in this time, so experimentation 
was conducted to check this point. The manner of 
straining the specimens was changed from straining in 
tension to straining in compression. This allowed a 
minimum time from straining to testing of 1 hr. at room 
temperature. To conduct this experimentation speci- 


Fig. 14—Plate 17-7 Steel Dr Tested at 0° F. Standard LH Charpy mens of Steels A and C were machined undersize a de- 


Specimens, Keyhole Notch 


termined amount and were then upset the desired 
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amount in a special jig. The specimens were then 
notched and tested after a determined time at room 
temperature or at 250° C. (480° F.). 
the steels investigated are presented in Figs. 16—21. 


Numerical data are presented in Table 5. 
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It is somewhat surprising that in this series 
there is no appreciable separation of Steels A 
This suggests that the data reported for Stee! 


of tests 
and ( 
C testeg 


after prestrain in tension are not representative. Ar 


examination of all of the available pertinent 
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leads to the conclusion that Steel C in general is more curve is considered. On the other hand, if. the aging 
‘ fected by straining followed by room temperature effect is determined by the comparison of energy ab- 
-j C nh, aging than is Steel A, but the separation of the transition sorption values at one re aa it would be pos- 
ive re ranges for the two steels at a given strain level is not so sible, for example, for Steel C at (say) 40° F. to show 
nent be pronounced as is indicated in Fig. 13. most pronounced aging effects. . 

“ata From an examination of Figs. 16, 17, 19 and 20, it Aging the prestrained material at 250° C. (480° F.) 
may be concluded that room temperature aging in these leads to a pronounced displacement of the energy ab- 
steels does take place, but not to a marked extent.when sorption curves to higher temperatures. This displace- 
the temperature displacement of the energy absorption ment is largely accomplished within '/, hr. at tempera- 

ture, while a stationary value seemingly is arrived at for 
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Table 5—The Transition ony rature in Degrees Fahren- 


heit at 25 and 50% Maximum Energy Absorption for Speci- T 
| mens Prestrained in Compression: Test A-v i 
Transition 60 STEEL NN + 4 
Temp., ° F % 
0, Axial Aging Steel A Steel C a 
Compression Treatment 25% 50% 25% 50% | | 
— 5 R.T., l hr 0 30 15 40 
5 R.T., 6 hr —10 35 20 40 z 
5 R.T., 12 hr 20 35 10 35 »- 40r-— t 
5 R.T., 36 hr 10 «635 45 
5 R.T., 1 wk 20 40 0 35 9 
5 R.T., 4 wk 20 40 20 45 @ 30}- 
10 R.T., hr 15 45 30 50 
10 R.T., 6 hr 15 35 20 55 3 
10 R.T., 12 hr 15 45 25 60 & 20 
10 R.T., 36 hr 20 40 20 45 < 
160 10 WK. 15 45 
10 R.T., 4 wk. 40 65 35 55 10}— 
10 250° C., '/2 hr 70 100 65 85 
10 250° C., 1!/2hr 55 85 60 95 
10 250° C., 4hr. 55 90 
10 250° C., 30 hr. 70 65 95 


TEMPERATURE °F 


| — Fig. 23 


(a) Air Cooled from 1650° F. x 100 (b) Air Cooled from 1750° F. x 100 


(c) Furnace Cooled from 1850° F. x 100 (d) Furnace Cooled from 1850° F. x 600 
Fig. 22—-Photomicrographs of Steel N After Different Heat Treatments 
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a holding time of 4 hr. No overaging effect is observ- 
able on holding for 30 hr. at temperature. 

A-vi.—In the metallographic examination of Steel 
N, it was observed that the grain size for this steel was 
much smaller than that for the remaining steels, and it 
was thought that this much refined (<A.S.T.M. No. 
10) grain size contributed considerably to the superior 
properties of this steel. To examine this point three 
sections of Steel N were given different thermal treat- 
ments, which are given along with the resultant micro- 
structures in Fig. 22. The energy absorption vs. tem- 
perature curves for the LH Charpy keyhole-notched 
specimen are given in Fig. 23. It might be thought that 
these data indicate a strong dependence of transition tem- 
perature on grain size, but because of the possibilities 
that the coarsened structure has suffered temper em- 


brittlement, this conclusion can be accepted only with 


reservation. 
A-vii.—In Figs. 25 and 26 the impact-test data {o, 


four virgin plates of Steel C are summarized. 


It is eyj. 


dent from these data that no serious variation from 


plate to plate can be detected for this steel. 


A-viti.—In Figs. 27 and 28 and in Table 6 are pre- 
sented the test data for different plates of Steel C fip. 


ished rolled to different thicknesses. 


Specime: IS Were 


taken from two locations, namely, the center thickness 
of the plate and from the rim of the plate when possibje 


ergy Abso 


from Plates of Steel C of Different Thicknesses 


i Test A-ii 
25% 50% 25% 
"/s 30 70 —45 
55 95 —10 
70 100 0 
1In., rim 80 105 10 
1 In., core 70 100 5 
1!/,In., rim 70 110 10 
1'/, In., core 7 105 25 
FIG. 27 
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Table 6—The Transition Temperature in Degrees Fahrenheit 
at 25% and 50% Maximum En 


rption for Specimens 
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ly with it is evident that a marked variation in properties re- 80 
silts from the rolling process, in particular when rela- 
data fog tively thin plates are produced. 
t is eyj. A-ix—In the course of the foregoing iscussion, 
M from fumerous energy absorption vs. temperature curves 60 1 
have been presented. For the most part, no individual > 
are pre. energy absorption values have been reported in support y 
IC fin. of these curves. This is not an entirely satisfactory state w 
NS Were { affairs but is scarcely to be avoided because of the © an aes 
Licknesg complications which would necessarily arise in the at- z 
ossible tempted presentation of the individual readings. The 
graphs, question which is of major concern here pertains to the ; 
validity of the assumption that the energy absorption [/ > 
— curve is in general continuous through the transition 20 a = _ 
—s range. This question can in some measure be answered 
selonane from the consideration of frequency plots of the data. 
S There is little theoretical justification for the usage of a 
frequency plot of energy absorption values, however, 10 20 30 
50%, this procedure will point out the relative density of ENERGY ABSORPTION FT.-LBS 
~93 energy absorption values of intermediate value which is : . 
af a solution of the problem posed. The frequency plot Fig. 31 
15 will have very definite features dependent on the charac- 
#) ter of the energy absorption-temperature curves. Three 
possible types of such curves are presented schematically 120 
45 in Fig. 29. 
— The maxima in these curves are obtained at the ex- 
“ones tremes of the energy absorption range corresponding to 
ian fully ductile and fully brittle levels. For curve a which 7 Ba ae 
is the type of curve characteristic of the Charpy V-notch | 
test results, the intermediate values of energy absorption 
80 
w 60 | 
: 
TEMPERATURE | 
20 
| | | 
| ° 10 20 30 40 50 60 
al | | ENERGY ABSORPTION FT.-LBS. 
wae ENERGY ABSORPTION Fig. 32 
Fig. 29 


are of nearly constant frequency. For curve } the in- 


80 termediate energy absorption values disappear. For 
curve c the intermediate energy absorption values are 
+— 
| 
| 


separated into two ranges. This arises in the following 
way. Fora continuous curve the frequency plot consists 
essentially in the comparison of the number of points 
along the curve in a given energy absorption interval. 
As the tangent to the curve become smaller the number 
of points on the curve in a constant energy absorption 
interval increases. Any discontinuity in the energy 
absorption-temperature curve then appears as such in 
the frequency plot, as has been indicated. 

In Fig. 30 is presented the frequency plot of energy 
absorption values for the Charpy V-notch test data ob- 
tained for the project steels. The energy absorption 
— maximum at the high energy absorption level does not 

™ occur for this set of data, due to lack of sufficient tests 

to make it evident. Intermediate energy absorption 

Paar values of approximately constant frequency are indi- 
20 20 40 so 80 cated. 

ENERGY ABSORPTION FT.-LBS. In Figs. 31 and 32 are presented the data for the 


Fig. 30 Charpy keyhole-notch tests. The curve in Fig. 31 was 
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major detail. 


obtained from tests on virgin plate of all the project 
steels, while that in Fig. 32 was obtained from tes s on 
plates which had suffered prior strain in some form. 
The two curves are for the most part alike in all but one 
The curve for the virgin plates is much 
like that of curve c in Fig. 30, while the curve for the 
strained plates passes through a minimum without any 
discontinuity in the frequency of intermediate energy 
absorption values. 


same steel. 


The above curves cannot be elaborated on | arther in 
particular, because the tests were not all made op the 

However, they serve to point : 
characteristics of the energy absorption data which hay. 
been accumulated in the course of this testing. Chie 
of these characteristics is the relatively high {requeng 
of occurrence of intermediate energy absorp: 
for the Charpy keyhole-notch test for the pr 
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Table 7—The Temperatures of Transition from Brittle to Ductile Behavior 


Large 
Plate 
Testing Test, 
Plate Temp., ° F. B-ii 
25 
75 
A2A 30-35 
A38A 48-50 
—30 
BIA 30-35 
B1A 30-35 
B3A 72 
B6A ? 
15 
B2A 29-32 
B4A ? 
B4A 49-52 
80 
C1A 30-33 
C2A 75-78 
C3A 100-104 
C4A 80-82 
18A1K 18 
221K ? 
5-7 
14-7 —38 
12A1KN ? 
70 
13A7 110 
18A1R 141 
CG-1 74 is 
+45 
—45 
NIA —5lto —55 
—10 


* Based on width comparison. 
+ Based on % ductile fracture. 
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Fig. 33 
Bend Tests 
Transition Temperature, ° F. 
Test, 
B-iii, 
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Test, Plate 
B-iii Sections 
50 
58 
33 
50 
LH = —30 
BH = —4 
—13 
5 
—4 
30 
—2 
-9 
. —13 
97 a 
95 
123 
140 
103 
19 
30 
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23 
8 
5 
3l 
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—35 
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Test,T Test* 
B-iv, B-iv 
Large Large 
Test,* Plate Plate 
B-iv Sections Sections 
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Slow Bend Tests 


4n examination of the Charpy impact-test data re- 
sled that while these test results do not correlate with 
the large plate test results, the transition region in the 
respective Charpy tests lies in general either at higher 
ot lower temperatures than that for the large plate tests 
Thus a displacement of the keyhole-notched bar transi- 
tion range to a higher temperature range or a displace- 
ment of the transition range for the V-notch test bar to 
, lower temperature range could possibly result in the 
desired correlation. It is known that several means are 
available for effecting this displacement, of which the 
most important are: (a) a change in notch geometry,’° 
b) a change in specimen size’® and (c) a change in testing 
speed.’ Change (a) was examined briefly with the use 
of a saweut notch, the data for which have been reported 
above for a double width specimen. A deeper V-notch 
for a double width specimen was also examined, with 
unpromising results being obtained. Since the larger 
specimens tested required the full capacity of the im- 
pact machine available, it was decided that change (c) 
would be examined. 
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Ba.—The test bar selected was the standard Charpy 
\-notch bar, the V-notch being selected as the testing 


speed was to be decreased. The test was conducted on 
i standard tensile test machine by the usage of a suitable FIG. 3© 
jig (Figs. 2 to 4), with the load deflection qurve being SLOW BEND TEST 
recorded automatically. Typical load-deflection curves BH 
are presented in Fig. 33 with the energy absorption joy rn 
curves determined from such curves being presented in “ . 
Fig. 34. Only partial data for Steels A, C, Dr and E J Pe | 
were obtained before the test was discontinued, as it - 750 8 4 
failed to differentiate between Steels AandC. Fromthe 
data presented, however, it is evident that the reduction z a \se] 4 
of the testing velocity has drastically lowered the transi- je 8 
tion temperatures for the respective steels. =, 

B-ii—In an attempt to obtain correlation with the 5 
large plate test data by this type of test a 20-mm. deep oD 
V-notch test bar was used. The transition temperatures < 450 
obtained for this test bar are presented in Table 7. Itis >» fe ‘ 
evident that there is now a marked difference between 2 
Steels A and C; further, with the exception of Steels Br w a 
and H, the transition temperatures determined are the 300 a 
same as those determined by the large plate tests within . /- 
+10 to F. 

B-iii.—In an attempt to obtain still closer correlation ; 
4 second modification of the test bar was made with the -80 -40 re) 40 80 120 
width being left equal to that of the */,-in. plate. Energy TEMPERATURE ‘F 
absorption-temperature curves obtained for this test bar Fig. 36 
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are presented in Fig. 35. For all steels but Steels Br and 
H excellent correlation obtains with the results of large 
plate testing as may be ascertained from an examination 
of Table 7. Correlation for Steels Br and H, however, 
does not exist. 

In an effort to bring Steels Br and H into agreement 
with the large plate test results, specimens of BH orien- 
tation were prepared and tested. The energy absorption- 
temperature curves are presented in Fig. 36. The usage 
of the BH orientation has caused a pronounced shift in 
the transition region for Steel H, leading to correlation 
with the 72-in. plate results, but that for Steel Br is still 
somewhat low. 

Fracture in the Slow Bend Test.—Before continuing 
further with a discussion of the transition temperatures 
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for the steels, and in particular a discussion of the re- 
sults for Steels Br and H, it is advisable to consider in 
some detail the energy absorption curves and the condi- 
tions of fracture in general as observed in slow bend test- 
ing. 

In the conduction of the slow bend test the distance 
between specimen supports has been held constant at 
40 mm. Because of the combination of this with large 
specimen and broad tup, only moderately small bend 
angles can be obtained before jamming takes place with 
the present apparatus. As a consequence of this jam- 
ming, spurious energy absorption values are obtained if 
testing is continued beyond a certain point. In addition 
to this, obvious mechanical difficulties arise. It is evi- 
dent, then, that the test must be stopped at some point 
before complete separation of the specimen halves is 
accomplished. This point is different for the ductile 
and brittle breaks as follows. For a ductile specimen, 
deflection to 0.4 in. is carried out. For a specimen which 
fails wholly or partially by the brittle mechanism, the 
test is stopped immediately at the time the brittle break 
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becomes evident. This is an arbitrary procedure but it 
is essential if meaning is to be associated with the energ 
absorption-temperature curve. Thus, if this procedure 
is not used, the energy absorbed for the brittlely breaking 
specimen may be equal or nearly so to that for the ductile 
specimen. Further, since for this test bar the tempera- 
ture interval separating a fully ductile from a fully 
brittle state may be of the order of 10° C. (18° F.) m 
serious error in the shape of the energy absorption- 
temperature curve will result from this procedure. 

A set of typical load-deflection curves are presented 
in Fig. 37. The gross details of the curves need no dis- 
cussion, but it is pointed out that specimen E-17 was 
essentially ductile, while specimen E-2 (tested 18° F 
In passing it is pointed 
out that for the fully brittle specimens appreciable ex- 
penditure of work is required to produce failure in con- 
tradistinction to the results of notch-impact testing. 
Much of this work is expended in plastic deformation 
under the tup and under the specimen supports as is ev- 
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dent from the penetration at these points. It has been 
shown by X-ray analysis, however, that virtually no 
work is expended in the propagation of the brittle failure 
in this type of specimen.'’ 

A brittle failure is differentiated from a ductile failure 
in several ways, all of which are equally positive. Pos- 
sibly the most noticeable single factor is the sound asso- 
ciated with the brittle failure. For the specimen used, 
thisesound is quite comparable to that associated with 
the breaking of a hardened steel tension test bar. At the 
moment of brittle breaking the load drops sharply to 
some relatively much smaller value, as the crack is 
rapidly propagated through an appreciable portion of 
the specimen. On continued application of load, the 
load on the specimen may again increase and continued 
failure take place by the ductile mode; or the ductile 
and brittle modes of breaking may alternate to bring 
about final total failure. An example of this latter type 
of failure is given in Fig. 38. This specimen failed by 
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the ductile mode to about 50% of the section. At this 
point a brittle crack developed and was propagated 
nearly one-half the remaining distance through the bar, 
where it was stopped and succeeded by a ductile crack. 
The ductile crack progressed only a short distance be- 
fore it was superseded by the brittle crack by which total 
failure was accomplished. 

In the above photograph the ductile fracture surfaces 
are emphasized by the presence of large cracks perpen- 
dicular to the surface considered. Such cracks are fre- 
quently present on ductile fracture surfaces, and the 
more so the dirtier is the steel. 

In the discussion immediately above emphasis 1s 
placed on the appearance of the fracture, the indica- 
tion thereby being that this is a legitimate means of dif- 
ferentiating between a brittle and a ductile failure. This 
conclusion is correct for the case under consideration, but 
evidence is available which indicates that this conclusion 
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need not in general be true (cf. discussion for Steels E 
and C). 

Slow Bend Tests on Large Plate Sections.—In the course 
of the program, sections of the large plate specimens 
which had been tested were received for examination. 
It had been planned that much of this material would 
serve as stock for additional specimens. However, 
since these sections had undergone appreciable plastic 
strain little of the metal was satisfactory for use. In 
these large plate sections only one region may be con- 
sidered as moderately free from strain and this region 
lies under the notch. & This stain-free material was 


of energy absorption values for the test under c 


nsidera. 

tion. However, it has been possible to separate he 

essentially brittle region from that which is ductile by 

means considered earlier and these regions have bee 

indicated. More will be said on this point when » further 
modified test specimen is considered. 

From Table 7 it is evident that considerabk scatter 


in transition temperatures is encountered in th: differ. 
ent sets of data obtained for the same heat of ste¢} 
This might seem to be due to possible strain imp. 
the test material in the conduction of the larg: 
tests; however, such a factor does not appear to be of 
importance, for those plates which were tested it. the 
highest temperatures in the large plate tests do not cop. 
sistently have the highest transition temperatures in the 
slow bend test. Thus the scatter indicated seemingly 
is characteristic of the steels and possibly results from 
variations in the quality of the plate through the heat. 

The Correlation of Tests.—In the above presentation of 
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conserved and after the development of the slow bend 5,000 4 
test, slow bend specimens cut from the location indicated 
in Fig. 39 were tested. The results of these tests are 
presented in Figs. 40 to 47, and in Table 7. ° 
The data presented for the Steels Br and Bn cause ° 05 10 45 20 25 
confusion. It seemingly is not. possible in the light of DEFLECTION - INCHES 
these test data to speak of a transition region on the basis Fig. 48 
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Table $—Chart Showing Estimated Transition Temperatures . Steels for Various Types of Notched Tests, Temperatures 


in 
——Steel Code Letter . 
Type of Test E Cc A Dn Dr Br Q H N 
Charpy impact, std. V- 
notch 150 100 90 30 30 45 10 ait 0 —50 
Bend test, Schnadt-type 80 95 40 5 
/,-In. bend test, V-notch 73 97 50 30 23 19 BH —4 BH18 —35 
72-In. wide plate, internal . 
notch 100 90 35 31 28 30 32 ait 20 —45 
94-In. wide plate, internal About 
notch 100 88 —7 to 37 Below 32 35 35 Below 32 
12-In. wide plate, internal 
notch 90 90 25 15 5 10 5 *—10 +5 15 —65 
3.In, tension, edge notched 120 90 45 —5 32 5 35 About 20 — 
Charpy impact, 10% pre- 
strain keyhole 85 95 60 30 0 20 a) —20 
Charpy impact, 5% pre- 
strain keyhole 60 65 45 0 —25 0 10 —35 
Charpy impact, 2% pre- 
strain keyhole 70 55 40 0 —55 —30 ie dh —55 
Charpy impact, full thick- 
ness sawcut 75 50 60 35 —30 —2() 10 15 0 —100 
Charpy impact, std. key- 
hole 30 15 0 —20 —60 ‘ —60 —30 —55 50 —293 


data and discussion certain aspects of the slow bend 
test have been emphasized, while an examination of the 
correlation of this test with the large plate test has not 
been developed. It is desirable that an examination of 
the correlation to be expected be undertaken at this 
point. 

The plate sections tested at the Universities of Illinois 
and California were 1, 2, 4 and 6 ft. wide, with important 
exceptions which are considered in the various reports 
from the respective institutions.*~* It has been assumed 
that correlation if possible was to be with the 72-in. wide 
plate test results. On the assumption that a small test 
specimen could be developed which would properly pre- 
dict the fracture characteristics of the 72-in. plate tests, 
it seems logical to assume that adequate correlation would 
also be obtained with the 12-in. plate tests. Certainly 
it would appear that correlation between the bend test 
and the 12-in. plate tension test would be easier to 
achieve than correlation between the bend test and the 
72-in. plate test. In Table 8 are listed the transition 
temperatures obtained for the different tests which have 
been available for comparison. On comparing the transi- 
tion temperatures (taken as that temperature correspond- 
ing to 50% maximum energy absorption) obtained with 
the 72- and 12-in. plate tension tests it is seen that dif- 
ferences in the transition temperatures are observed 
for Steels H, Br and Dn and possibly for Steel N. The 
temperature differences range from 20 to 25° F. (Steels 
Dn and Br) as a minimum, to about 35° F. (Steel H) as 
a maximum. In those instances where the transition 
temperature for the 12-in. plate test is lower than that 
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Fig. 49—Summary of Project Steels. Slow Notch Bend Test, 
Schnadt-Type Specimens 
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for the 72-in. plate test, it would be expected that the 
bend test results would likewise be lower. This is true 
in two out of the three instances when bend bars of LH 
orientation are used (Steels Br and H), but by the sub- 
stitution of BH orientations in-the two noncorrelating 
cases one of these (Steel H) is brought into agreement 
with the large plate test results. Thus, of the steels 
tested, only Steel Br has not been satisfactorily corre- 
lated for the slow bend test and the 72-in. plate test. 

The trouble experienced in obtaining correlation be- 
tween the slow bend test and the 72-in. plate test re- 
sults for Steels Br and H must be attributed to struc- 
tural aspects of these two steels, otherwise the lack of 
correlation should be evident for the remaining steels 
and this is not so. Further consideration will be given 
to this matter in the following section. 

B-w. The Schnadt-Type Specimens.—The bend speci- 
men discussed above has certain shortcomings that lead 
to some difficulty in the execution of the test and in the 
interpretation of the test results. These difficulties re- 
sult from the fact that the specimen is not broken into 
two halves. Thus, if a specimen is jammed into the 
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supports, it will not come out easily; while if the frac- 
ture is only partially brittle, it is very difficult to deter- 
mine how much so, as there is no ready access to the frac- 
ture surface. In order to overcome these problems re- 
course was made to the Schnadt-type specimen.'* This 
specimen is one in which the compression zone in the test 
bar is drilled out and replaced with a hardened steel pin 
(cf. Fig. 1). This specimen will break completely, both 
for a brittle and ductile fdilure, and will allow examina- 
tion of the fracture surface. 

A series of load-deflection curves for this type of 
specimen is presented in Fig. 48. It is evident from 
these curves that energy absorption for a brittle speci- 
men is nearly as much as that for a ductile specimen. 

The measurement of the energy absorbed in breaking 
the bend specimen is a time-consuming and laborious 
task. Further, this procedure for determining the 
transition temperature is not in general satisfactory as 
is shown in Figs. 42 and 43. For these reasons it was 
desirable that a new procedure be used to indicate the 
transition temperature. A procedure which has proved 
satisfactory consists in a measurement of the*final width 
of the test bar at the back edge of the fracture and a 
comparison of this width with the original width of the 
test bar. Thus if the final width is subtracted from the 
original width a positive length results and this length 
is greater the more ductile the specimen. The plot of 
these width differences against temperature leads to a 
fully developed transition curve of the customary form. 
A series of curves obtained in this manner is presented in 
Fig. 49. The transition temperatures determined are 
presented in Table 7 for comparison with the slow bend 
data previously obtained. 

For Steels C and E a rather unusual situation is indi- 
cated as the, testing temperature is raised from the 
brittle range to the fully ductile range. Seemingly a 
rather broad temperature interval exists in which appre- 
ciable energy is absorbed in plastically deforming the 
steel but yet the fracture type is of the typically brittle 
type. Thus if the condition of ductility in the steel 
were to be estimated from the character of the fracture 
surfaces a high transition temperature would be reported. 
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This behavior indicates that it is necessary to distinguish 
between brittle failures of two types, one of which ab. 
sorbs an appreciable amount of energy to develop and 
propagate and one which does not. Many more data 
are required before the questions arising as a conse. 
quence of this behavior can be answered. 

It is apparent that excellent agreement obtains be- 
tween the Schnadt-type slow bend specimen using the 
new procedure for specifying the transition temperature 
and that slow bend specimen previously used. As a 
consequence, the discussion of the correlation of the 
slow bend test and large plate test presented in the pre- 
ceding section should apply to the Schnadt-type speci- 
men. This means that correlation exists between the 
Schnadt-type specimen and the 72-in. plate specimen 
results, with possible exceptions only for Steels Br and 
H. Possible reasons for this lack of correlation for 
Steels Br and H will now be considered. 

Steels Br and H.—These two steels have behaved in 
what is apparently an anomalous manner in certain of 
the tests, and have been the cause of major concern in 
the satisfactory execution of the slow bend test. The 
test results for Steel H in the 12-in. plate tension test 
have been attributed to the action of large inclusions 
which cause fissuring in the plane perpendicular to the 
notch across the breaking section.’ Such fissuring pre- 


Table 9—The Number and Size of Cross Cracks on the Fracture Surface for Selected Steels Using the Schnadt-Type Specimen 


Fraction 
Max. Length No. cracks, Ductile Transition 
Steel Specimen Crack, Mm. ‘/,to 1 Mm. Fracture Temperature 
Br B-4 1'/; 3 
B-1 2 11 
B-7 2 7 
B-6 1 8 8/6 —17° F. 
B-8 2 8 6/6 
B-3 2 5 8/6 
Br B1A-5 Few pin holes 1/; 21° F. 
B1A-10 Few pin holes 1/s 
B1A-1 Few pin holes 
B1A-12 Few pin holes V/s, 
H H-4 1/, 7 
H-7 1/, Few small 6/6 
H-2 1 15 —31°F 
H-5 3/4 Many small 
H-6 Many small 1/3 
H-8 2 10 
H-9 2 8 $/, 
A C-3 1/, Very few small 6/. 
C-7 None V/s 
C-1 1/, 1 1/¢ 
C-6 Few small V/s 40° F. 
C-8 1 2 1/6 
C-10 
C-9 
C-2 1'/; 3 8/6 
C-5 
C-4 Few small 6/6 
Bn B4A Comparable to Br (B1A) above. 35° F. 
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vents the full development of the stress parallel to the 
notch axis and consequently lowers the range of duc- 
tility in the test. Thus the transition temperature in 
the 12-in. plate test is about 49° F. lower than that in 
the 72-in. plate test for this stecl.® 

The above argument appears to be reasonable, how- 
ever it has been observed that cracking of this type is 
sometimes encountered in the other project steels, in- 
cluding those failing brittlely at the highest tempera- 
tures. It appeaved advisable to check the fracture sur- 
faces for the presence of such cracks both as to their 
number and relative size. Selected sets of observations 
are tabulated in Table 9. A series of photographs ts pre- 
sented in Fig. 50. Because this discussion is particularly 
pertinent to the B steels, ductile to brittle fracture transi- 
tion curves, based on width measurements, are pre- 
sented in Fig. 51 for those sets of data which may be 
treated in this manner. 

It is evident from Table 9 that a quantitative evalua- 
tion of the action of the cracks forming perpendicular 
to the notch is not always possible. Thus for Steel C 
such cracking is encountered (not as extensively as for 
some specimens of Br) in the majority of ductile speci- 
mens. These cracks, however, do not appear to cause 
trouble, which probably results from their relatively 
small number and size. 

For Steel Br cross cracking can in some instances be 
very extensive. When this happens the transition tem- 
perature is unfavorably low. When such cross cracking 
does not occur, the transition temperature is found to be 
appreciably higher. Thus for Steel Br with cross cracks 
extensively developed, the transition temperature is 
about —20° F. When such cross cracks are not present, 
the transition temperature has been measured at 25° F. 
Apparently the same factor can be operative for Steel 
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H, but only one plate of this steel is available for testing, 
so testing of this steel has necessarily been curtailed. 
Apparently then, the presence of extensive cross crack- 
ing results in an appreciably lowered transition tem- 
perature. However, rel itively few such cracks are not 
important in restricting the validity of the results. 


C. Microstructures of the Steels . 

The microstructures of the steels studied are pre- 
sented in Figs. 52 to 64. These structures are typical in 
all respects except for the presence of inclusions. Steels 
C and E give evidence of a coarsened structure, which 
could possibly result from slightly high finishing tem- 
peratures. Other variations in the structural details are 
purely nominal. 


Conclusions 


The data have been extensively discussed in presenta- 
tion. Pertinent conclusions are as follows: 

1. Typical Charpy-test data do not faithfully indi- 
cate the relative energy absorption transition tempera- 
tures to be observed if section sizes are altered. There- 
fore this test cannot serve to indicate the acceptability 
of a given ship plate steel. 

2. The effects of varying the specimen size in slow 
bend testing has been studied with the development of 
a slow bend test which correlates, but for limited ex- 
ceptions, with the 72-in. plate test results. 

3. The Schnadt-type specimen has been shown to be 
peculiarly adaptable to usage in the present testing 
program. The final test used consists in a test bar of 
this type. The fracture characteristic of the steel bar 
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is indicated by measuring the contraction in width of this 
test bar at the fracture edge. This allows a simple and 
adequate means of specifying the transition tempera- 
ture. 

4. The failure of Steel Br to correlate in all instances 
has been shown to be associated with the presence or 
absence of large cross cracks during testing. When 
such cracks are present, correlation does not obtain. 
; When such cracks are absent, correlation with the 72-in. 
ie plate test results is satisfactory. 
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: Discussion of the Paper “The 

4 Correlation of Laboratory 

3 Tests with Full-Scale Ship 
Plate Fracture Tests” 


By R. E. Wiley” 


HE need for, and some of the difficulties in ob- 

taining, a small, simple and reliable test for 

evaluating the susceptibility of steel to brittle 
failure under adverse conditions of temperature and 
restriction of plastic flow have been well brought out 
in this paper. The large number of variables which are 
shown to have an effect on the position of the brittle 
transition temperature range serves to emphasize the 
need for close contr] over all test conditions when a 
method is finally selected for this purpose. 

It is to be regretted that because of the wide scope of 
this investigation, some of the points studied could not 
have been checked more thoroughly. For instance, it is 
noted from an examination of the data upon which some 
of the curves in Figs. 8, 9 and 10 were based,' that 
there is no indication of a leveling off of the energy- 
temperature curves for the Charpy impact values up to 
the maximums reported. It may have been that all 
the fractures at the maximum test temperatures used 
were 100% ductile, thus making tests at higher tempera- 
tures appear unnecessary. 

The main premise upon which this work is based is 
that the results of the 72-in.-wide plate tests are truly 
representative of the way the steels studied would react 
in an actual, large, welded structure, such as a ship. 
It seems that an inordinate amount of time and energy 
has been spent in an attempt to devise a test which will 
give numerical values that match those obtained from 
the large plates. In view of the number of different 
criteria which can be used to indicate the position of the 
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and Fisher, J. L., “Correlation of Laboratory Tests with Full Scale Ship 
Plate Fracture Tests,”’ U. S. Navy, Nobs-31217, Serial No. SSC-9, dated 
March 19, 1947. 


transition temperature, it does not appear that th 
particular values chosen should be treated with th 
same reverence accorded the International Meter. 

An example of the overemphasis on the importance o 
getting all values into accord with the respective wid 
plate results is seen in the case of steels Brand H. The 
presence of fissures in the fractured surfaces of thes 
steels offers a plausible explanation of the discrepancie 
noted. With this in mind, it would not appear to % 
profitable to continue to try to find a test which jj 
give numerical results that check those of the large 
plate tests. Slow bend tests in the BH directions on 
Br steel have no value unless checked on all other steels, 
and found t6 give at least as good correlation as bars of 
LH orientation. In that case BH bars could form the 
basis of the proposed test. 

In considering the anomalies in the results of tests on 
the C steel, it will be noted in Table 2 that this steel 
has the highest nitrogen content of any of the steels 
tested. It would be interesting to know whether the 
presence of large amounts of nitrogen always results in 
behavior similar to that of steel C. The preferential 
position of steel A in comparison with C is not based 
upon results obtained in service but upon tests of five 
wide-notched plates of each steel, with no duplicates. 
It may be that neither steel A nor steel C would give 
satisfactory results in service, in which case the difference 
manifest in the large plate tests is of no significance. Ili 
such were the case, the acceptance level of our small test 
would merely have to be set at such a level as to exclude 
steels with transition temperatures of 35° or above in the 
wide plate test, or 90° and above in the Charpy V-notch 
impact test, or 40° and above in the Schnadt type slow- 
bend test. 


All this is merely to say that we do not know enough to 
select a perfect test to distinguish between suitable and 
unsuitable steels at this time. In fact a perfect test 
may never be developed. But nearly any of the tests 
described in this report, including the Charpy notched- 
bar impact, would give a better idea of the resistance of 
the steel to fracture under adverse conditions than the 
tensile test in the present specifications. Several other 
laboratory tests have been devised, each of which will 
give some sort of a useful evaluation of the steel. It 1s 
to be hoped that one of these tests will be selected {or 
specification use in the near future, and that improve- 
ments on it can be left to follow the results of practical 
application, just as improvements appear necessary 11 
the Charpy test at the present time. 
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Development of Cleavage Fractures in 


Mild Steels 


A. B. Bagsart 


Abstract 


The susceptibility of several types and thicknesses of mild steel 

ship-plate and pressure vessel qualities and of samples of welds 

» development of cleavage or brittle fractures has been deter- 

ined by a new test, termed the ‘“‘Cleavage-Tear”’ test, in which 

notched tensile-bend type of test coupon is used. The effects 
notch and coupon geometries, load eccentricity, rate of loading, 
sting temperature and of heat treatments were investigated. 

At temperatures below the transition temperature range, the 
resence of a notch of proper geometry and orientation was found 

create a state of multiaxial stress which appears to expand the 
lastic range of steel and to raise its proportional limit almost to 
vincide with its breaking point. The breaking strength of rec- 
angular sections containing a notch of above type was found to 
ecrease, and susceptibility to cleavage fracturing to increase as 
he notch root radius was decreased. Within the limits investi- 
ated, the breaking strength of steel was found to be modified by 
he notch geometry, this modification being practically inde- 
endent of the size effect if the section was 6 in. or greater in depth. 
The transition temperatures for the steels investigated in the as- 
olled condition were found to be about 100° F. higher than those 
ndicated by the conventional Charpy impact test, and are con- 
idered to be more nearly indicative of behavior of steels in service. 

vertheless, the transition temperature of a steel cannot be de- 
ined for service conditions unless the state of stress that prevails 
inder the same conditions is also defined. 

Two types of fracture were encountered, one being the brittle 
cleavage type exhibiting no appreciable deformation and lower 
reaking strength, and the second the shear type exhibiting normal 
luctility and higher breaking strength. Fractures above the 
ransition range were of the shear type and below that temperature 
range of the cleavage type if the notch root radii used were suf- 
ciently small. On the basis of the test data presented, recon- 

leration of our present factors of safety is suggested for mono- 
ithic structures with the object of safeguarding against the pos- 
ibility of development of large cleavage fractures from small 
iscontinuities, notches or cracks. Other remedial measures for 
unimizing the damage of cleavage fractures, including modifica- 
tions in design and material of construction, are suggested. 


Introduction 


UMEROUS failures in all-welded ships, pressure 
vessels and structures through development of 
cleavage or brittle fractures received consider- 
able publicity during World War II and attracted earnest 
attention. Steels manifesting satisfactory strength and 
lormal ductility as determined by the conventional ten- 


* Presented at the Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, 
of The American Society of Mechanical Engineers. 
| Chief Metallurgical Engineer, Sun Oil Co., Philadelphia, Pa. 


sile and bend tests were found to fail in certain services 
by cleavage fractures, exhibiting no evidence of any 
appreciable ductility. In view of above a number of re- 
search programs were inaugurated by various govern- 
mental agencies and private laboratories to investigate 
this phenomenon and search for remedial measures.' 
Much has been learned and much remains to be learned 
about cleavage fractures. An understanding of this 
phenomenon and its interpretation are of importance to 
all industries fabricating or using metals, including the 
petroleum industry, whose production, processing and 
distribution facilities depend on metals, mostly on steel. 

In this paper are presented some of the results of a re- 
search undertaken about four years ago, with the object 
of studying cleavage or brittle fractures in steels of ship- 
plate and pressure vessel qualities. This work was mod- 
est in its scope at the beginning but became more in- 
volved as it progressed, due to complications introduced 
by numerous variables affecting development of such 
fractures. It was pursued as actively during the war 
years as possible, although it was almost suspended 
several times as other, more urgent, work intervened. 
This research was done under the direction of the author 
by the Metallurgical Section of the Sun Oil Co., most of 
the steels for the tests and some of the testing facilities 
being furnished by the Sun Shipbuilding and Dry Dock 
Co. 

A search in the literature revealed no comprehensive 
or standard testing procedure for investigating cleavage 
fractures or for a rational study of the numerous factors 
and variables affecting development of this type of frac- 
tures. Therefore a new approach to this problem and 
development of a new testing method became necessary. 

Cleavage fractures develop in steel plates and struc- 
tural members of rectangular or complicated cross sec- 
tion, by multiaxial and unsymmetrical stress systems, 
imposed by various service conditions. It is obvious 
that the test coupon used had to be of a type which would 
simulate at least some of the basic conditions of loading 
or stressing encountered in service. In the conventional 
tensile tests the imposed stress is unidirectional. In the 
notched cylindrical tensile coupon although lateral 
stresses are introduced by the presence of the notch, the 
cross section of the coupon is symmetrical. The notched 
bar coupon used in impact tests is profoundly affected by 
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local nonhomogeneity of the material tested and by the 
“mass effect,” and yields qualitative rather than quan- 
titative results. None of the above test coupons and 
testing methods were therefore considered suitable for 
this investigation. 

Exploratory tests revealed that a notched bend coupon 
of large dimensions? might be suitable for this investi- 
gation. This coupon consists of a notched simple beam 
positioned edgewise and loaded in the center of the un- 
notched edge, with supports near the ends of the opposite 
edge. However, some important limitations of this test 
coupon were soon discovered. These included the diffi- 
culty of avoiding the severe distortion and in some cases 
buckling of the coupon at the points of support and of 
load application, also the difficulty of computing the 
stresses involved. 

A new and much more satisfactory type of test coupon 
was developed and used in this investigation. KM is a 
tensile-bend type of coupon, which can be considered as 
being a notched beam of rectangular cross section sub- 
jected to combined axial tensile and transverse bending 
stresses, induced by eccentric loading. We shall call 
this the Cleavage-Tear test coupon, which term is the 
most descriptive one. Its details are described in the 
next section of this paper. This coupon was adopted 
for this investigation because it simulates some of the 
basic conditions of loading encountered in service and 
also because it is suitable for determining quantitatively 
the effect on the development of cleavage fractures of a 
number of important variables, such as eccentricity of 
loading, coupon depth, notch depth, notch angle, radius 
at the base of the notch and several other variables. 
This coupon has the further advantage of enabling one 
to test relatively large plate sections in full thickness, 
with a minimum amount of machining work. 

It could be stated in simple terms that cleavage 
fractures develop by separation of the metal along cer- 
tain cleavage planes, whereas the shear fractures de- 
velop by sliding of one part over the other to the point 
where separation or failure occurs. It is possible to 
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"Coupon Recessed On Both Edges Leaving Coupon Depth 4° (See Fig. 7A) 
ALL DIMENSIONS IN INCHES. 


Fig. 1—Details of Cleavage-Tear Test Coupons for Various 
Eccentricities of Loading and Coupon Depths 


Fig. 2 (A)—Cleavage-Tear Coupon with 60° 
Depth and 4'/,In. Eccentricity of Loading, Aft Notch, 6.1n, 


85° F. Note the Cleavage Fracture Sow at and 


Fig. 2 (B)—Cleavage-Tear Coupon with 45° Notch, 22-In. the 
Depth and 13'/;-In. Eccentricity of Loading, Broke Into Two I 
Pieces as the Cleavage Fracture Penetrated the Entire Depth 
of the Coupon When Tested at 32° F. 


produce, in a given section of steel, cleavage fractures 
with considerably lower loads than the loads required tof pep 
produce shear fractures. On the other hand, by ap-J the. 
plication of a given load it is possible to produce cleav- 
age cracks in steel whose cross-sectional area is many 


fou 
times greater than that affected by shear fracturing by ty; 
the same load. It is endeavored to show by this paper 
that failure of steel by cleavage fractures conforms t 
some laws and modified equations, and that conditions 
which favor development of such fractures can be evalu-@ © 
ated reasonably accurately, even if some empirical 
terms are used to compensate for the effect of certain div 


variables. These empirical terms could probably be 
reduced to rational terms as additional data become 
available. It is also endeavored to indicate by the 
paper certain design and material specification details 
by means of which the occurrence of cleavage failures 
and the extent of damage caused by them could be 
minimized. 


Testing Methods and Procedure 


The Test Coupon 


The test coupon used is essentially a short beam 0 
rectangular cross section, which is notched at its edge 
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and subjected to tensile loading, eccentrically applied. 
Its details are shown in Fig. 1 for various eccentricities 
of loading and coupon depths. Figures 2 (A) and 2 (B) 
show l-in. thick steel coupons of 6 and 22 in. depths, 
respectively, after they were broken in the test, develop- 
ing cleavage fractures. 

It is to be noted from Fig. 1 that the coupon has a 
U-shaped recess on the top edge, the upper parts of the 
arms accommodating loading holes and providing the 
desired eccentricity of loading. The coupon is notched 
at the center of the slot, so as to induce a state of multi- 
axial stress When loaded. The tensile load is applied 
through a suitable clevis and pin arrangement, the pins 
being inserted in the round loading holes of the test 
coupon. The holes are reinforced if the total load re- 
quired to cause fracturing produces excessive deforma- 
tion in the holes. This method of load application 
being of “hinged” type was found to be very satisfactory, 
since it practically eliminates auxiliary stresses induced 
by end restraints throughout the entire cycle of loading, 
and of fracture propagation. 

In order to obtain the desired rigidity and to prevent 
excessive deflection or failure along the arms and sides, 
proper ratios of width to depth of the coupon had to 
be used. It was also necessary to use a proper width 
for the slot so as to prevent end effects at the bottom of 
the slot and excessive deflection or buckling along the 
depth of the coupon. The dimensions shown in Fig. 1 
were chosen with above in view. In all cases the thick- 
ness of the test coupons used was the full thickness of 
the steel plate that was to be tested. 

The test coupons were rather easily prepared by cut- 
ting the plate with a torch to the proper size and shape, 
and machining to a depth of about '/, in. the face that 
was to be notched so as to remove the metal affected by 
the heat of torch cutting, before notching was done. 
The weld test coupons were made by butt welding 1-in. 
thick plates together, from which D-type coupons (Fig. 
|) were cut in such a manner as to locate the weld seam 
on the vertical axis of the coupon. By this arrangement 
the notch was located in the weld-deposited metal and 
the fracture occurred in the latter when tested. 

It is apparent from the geometry of the test coupon 
used that as a tensile load is applied two types of tensile 
stress are developed at the slotted edge, one being the 
axial stress produced by the direct tensile load, and the 
second being the resultant tensile stress produced by 
bending. Assuming that no notch is present and that 
the loading is such as to produce no excessive deflection 
or curved beam conditions, the total stress, s, can be 
lound within the elastic range by superposing the above 
two stresses as folows: 


P Me 
(1) 


in which P/A is the applied tensile load in pounds 
divided by the cross-sectional area in square inches, 
is the maximum bending moment in inch-pounds due to 
load P, ¢ is the distance in inches from the outer fiber 
to the neutral axis and J is the moment of inertia of the 
cross section with respect to the neutral axis. 

_ At the bottom edge of the coupon the flexural stress 
‘§ compressive, and the net stress at that edge will 
therefore be as follows: 

P Me 


(2) 


If a notch is introduced and the tensile load is in- 
creased to the breaking point of the steel, reconsideration 
of the above stress analysis becomes necessary. By 
introducing a proper notch at the edge of the test coupon, 
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a multiaxial state of stress is created, by virtue of which 
the yield load of the system is raised almost to coincide 
with the breaking load, as the experimental data pre- 
sented in this paper show, and the total deflection 
produced before fracturing is negligible. Under the 
circumstances Equation 1 can be assumed to be applic- 
able, if certain correction factors are introduced to com- 
pensate for the multiaxial state of stress and for the stress 
distribution that prevails in presence of a notch. It is 
obvious that Equation 2 need not be considered under 
conditions of fracturing, since as the fracture occurs 
the neutral axis is progressively depressed and the 
stress at the bottom edge is materially altered. 

Experimental data indicated that so far as establishing 
a relationship between the breaking loads and the sec- 
tion and notch geometries is concerned, it would not be 
necessary to evaluate the stress distribution details at 
the notch, if the proper size and type of coupons were 
used. It was found that if the section was considered 
as a whole, the P/A value required to produce fracturing 
would represent the integral of all the resultant loads 
acting on the entire section subjected to fracturing, and 
that the following relationship would be valid: 


P Mc 
Sy A + (3) 


where 

Sy = nominal breaking strength, f psi. For cleavage 
fractures, Sy = nominal cleavage strength, 
S, psi. For the latter type of fractures Sy 
can also be considered as being the nominal 
unit breaking stress. 

P = applied tensile load, lb., required to cause 
fracturing. 

A = cross-sectional area, sq. in., subjected to frac- 
turing = (d — h)d. 

b = thickness of coupon, in. = plate thickness. 

d = depth of coupon in unnotched section, in. 

h = depth of notch, in. 

M = bending moment, in.-lb. = Pe. 

I = moment of inertia of section, in.t = 
(d — h)*b/12. 

eé = load eccentricity, in., measured from centroid 
(Fig. 1) to center of loading hole = 
a+ (d + h)/2. 

¢ = distance of bottom of notch from centroidal 
axis = (d — h)/2 in. 

nm = correction factor. 

q = anisotropy factor, arbitrarily assumed to equal 


1 for fractures transverse to direction of 

rolling of plate. 
If the fracture developed is of the ductile or shear 
type, Equation 3 should be written in the following form: 


| 
s = na) (4) 


in which S’ is the nominal shear strength of the steel, 
psi., under tear conditions and in the presence of a notch, 
v is a variable correction factor which includes the curved 
beam factor, required by excessive deflection caused 
by shearing. The other symbols have the same meaning 
asin Equation 3. Fractures that occur above the transi- 
tion temperatures are normally of the shear type even 
in presence of a sharp notch and, as will be shown in 
the subsequent sections of the paper, require consider- 
ably higher fracturing loads than those required by 
cleavage fractures originating from a notch of the same 
geometry but below the transition temperatures. That 
is, S’ normally has a higher numerical value than S. 

If a section of steel plate is broken under such test 
conditions that the fracture obtained is of brittle or 
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cleavage type and this fracture is transverse to the 
direction of rolling of the plate, the factor g can be 
dropped from Equation 3. The latter equation, by 
substitution of above values, can then be put in the 
following form: 


(5) 
A 1 + 

Equation 5 was found to be valid for evaluating the 
breaking loads for transverse sections except additional 
modifications are necessary to compensate for a number 
of other variables affecting breaking loads. It is obvious 
that in Equation 5, P/A represents the applied unit load 
to produce fracturing, and not unit stress at the notch. 
It is also obvious that the actual unit stress at the notch. 
cannot be evaluated by Equations 1 or 5, due to disturb- 
ance by the notch of the normal stress distribution, 
unless the stress concentration factor and other nec- 
essary details are known. 

The term, P/A, designated as the unit breaking load, 
is used throughout the paper as the index for comparing 
the data obtained under diverse conditions of testing. 
The advantage of such an index consists in the fact that 
both P and A are measured directly by tests for each 
condition, without making any assumptions. However, 
it is apparent that P/A is not a fixed load in cleavage- 
tear tests unless the coupon and notch geometries and 
other variables are fixed, as indicated by Equation 5. 
Therefore, it was necessary to use certain standard types 
of coupon and test conditions for determining the effect 
of a singlé variable in each series of tests. 

Stress measurements and stress patterns appear to 
show that if the extent of the over-all deflection produced 
is slight—that is, if the fracture that occurs is of the 
cleavage type—the distance y between the neutral axis 
and the centroid for the standard D-type coupon (Fig. 
1) is approximately as follows: 

(d — 
12e (6) 


The neutral axis for above is then y in. below the cen- 
troid. It appears then that the position of the neutral 
axis of a notched bar is about the same as the unnotched 
bar, and that it is lowered by a distance approximately 
equal to the depth of the notch, if the section is 6 in. 
in depth. Experimental evidence shows that in notched 
sections with depths greater than 6 in. the effective 
eccentricity of loading is approximately the same as that 
for the 6 in. section, if the loading eccentricity component 
a (Fig. 1) is the same. 

In case of cleavage fractures, apparently no appreci- 
able shifting of the neutral axis occurs from above posi- 
tions even though some local yielding at and near the 
notch occurs as the load levels approach the breaking 
point. Experimental data seem to indicate that the 
factor nm compensates fairly effectively for the assump- 
tions made in deriving Equation 5. 

According to Equation 6 it would appear possible to 
arrive at such ratios of coupon depth, (d — A), to loading 
eccentricity, e, that the entire section of the coupon 
under the notch will be subject only to tensile stress, 
the axis of zero stress in such a case being lowered to or 
below the lower edge of the coupon. The upper or 
notched edge will then have the maximum tensile stress. 
The stress will decrease to lower values or zero as the 
bottom edge of the coupon is reached, depending on 
the values of (d — h) and e selected. 


Preparation of Notch 


A special cold-pressing method of notching was 
developed. and used in these tests. This consisted of 
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pressing a knife-edged die block of a given iy 
and sharpness, made of heat-treated high-s).< 
into the edge of the test coupon, with suitable 
to keep the notch in its proper location and +) the on 
determined depth. The pressing of the notch was op, 
in the compression section of a hydraulic tensile testip, 
machine. It was found that, generally, more rep, 
ducible results and sharper notch radii could be obtain. 
by this method than by ordinary methods of machininy 
To obtain above, however, it was found necessary that 
the knife-edge of the die block be prepared by Carefy 
grinding, checked periodically under the amicriscop, d 
it is used, and reground as required in order to keep it 
in its original sharpness, angularity and root radiys — 


tests the entire’section of the coupon subjected to teariyy 


pressing were found by numerous tests to have no y 
preciable effect on the net breaking load of the sectioy 
or on the fractures obtained. Considerable deformatig 
or yielding has been observed to occur in all notche, 
especially in those with large root radii before fracturing 
occurs. 


of 50 diam., sections through 45 and 60° notches with 
0.003 and 0.0015 in. root radii, respectively, prepared 
by the above method. Most of the notches used in this 
investigation were 45° cold-pressed notches with a rot 
radius of 0.0015 in., sections of which notch are shown 


0.003 and 0.0015 in. root radius, respectively, formed by cold press 
ing. X50 


Sularity 
ed Steel, 
ligs 


Numerous exploratory tests showed that in thes 


or fracturing determines the breaking load and that they fim wi 
tests are relatively free from the influence of local jy 80 
regularities which do not change the notch angularity [M2 
and particularly the radius at the base of the not fi. 4 
The local cold working and slight burring at the cdg fi” 
of the notch produced by the above method of «jj f* 40 


a) 


TOTAL BREAKING 1t OAD, 
~ 


In Figs. 3 (A) and 3 (B) are shown, at a magnificatio 


Fig. 3 (A) Fig. 3 (B) 
Figures (A) and (8) are sections through 45 and 60° notches with 


Fig. 3 (D) 


Fig. 3 (C) 
Figures (C) and (D) show in unetched and etched conditior 
at” an a section through a 45° notch of 0.0015 in. root radius 
x 
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INDEX OF FRACTURE WORK, W, IN 1000 INCH-LBS, = Px F The test coupons, if tested at tem- 
ngularity 10 100, peratures other than ambient, were 
eed kept for at least 1 hr. in a bath of 
Bude jig — WA suitable capacity held at the pre- 
scribed temperature, before subject- 
sile A ing them to the cleavage-tear tests. 
7 In evaluating the notch sensitivity 
an SS x of steels it has been the general prac- 
aching’ / tice to measure the energy absorbed 


or the energy spent to effect the frac- 
ture. This is the practice used in 
impact tests. In some other tests 
the specific work of fracturing is 
used as a measure or index of resis- 
tance to fracturing. The measure- 
ment of fracture work was found in 


Ssary that VA 
by Carefy) 
'SCOpe as 
to keep it "4 Fd 
radj 

dius, Fur 
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RADIUS AT BASE OF NOTCH, R, IN INCHES. 


that themes °C most cases to be inapplicable to the 
f local cleavage-tear tests. A much simpler 
angularit 8 V ? index was found for evaluating the 
he nots Ma © e 4 resistance or susceptibility of a given 
the edo iim” 7 en steel to development of cleavage 
dof L fractures, in these tests, this index 
ve g being the P/A values, as has been 
he sectio 5 30 previously stated. 
formation a? Exploratory tests summarized in 
1 notche Mae S Table 1, run in the early stages of 
fracture °° 7 this investigation, indicated that 
hey fr the breaking load might be such an 
ni ficatio index. In these, 3'/2-in. deep simple 
ches within” A eA beam coupons were used, with a 
prepared "0.01 0.03 0.06 0.10 0.3 0.6 LO notch depth of */isin. The load was 
ed in this con onten F, IN INGHES. applied at the center of the upper 
ith a root , edge of the beam, opposite to the 
ire shown (tig. 4—Relationship Between Breaking Load and Deflection, Notch Radius and Deflection, edge containing the notch, the beam 
7 and Between Radius at Base of Notch and the Index of Fracture Work being supported on round pins near 


the two ends of its loweredge. By 

this loading the notched edge of 
in Figs. 3 (C) and 3 (D) at a magnification of 100 diam., the coupon was in tension, and the opposite edge in 
in unetched and etched conditions, respectively. It is compression. Steel 7 (Table 2) in the as-rolled con- 
to be noted from Fig. 3 (D) that the depth of penetration dition was used for these tests. For comparison, three 
of cold working is rather shallow at the base of the coupons containing notches of various sharpness at 
notch, although it is appreciable along the side walls the base and one unnotched coupon were used to de- 
of the notch. The dimensions of the notch radii were termine the relation between the maximum deflection 
controlled by the shape of the knife-edge of the die. at the center of the beam at the time of fracturing and 
the load required to break the beam. The three 
types of notch used were a 45° V-shaped pressed notch 
All tests were made on a 300,000-lb. capacity hy- with 0.003 in. radius at the base, the standard Izod 
draulic tensile testing machine, with the use of suitable 45° V-machined notch with 0.0l-in. notch radius, 
cevis and pin type grips for applying the tensile load. the third being a standard Charpy keyhole notch with 
Unless otherwise stated, the rate of load application 0.039-in. notch radius. The pressed notch with radius 
was 2 in. per minute in all tests, which is about the maxi- of 0.003 in. showed the least deflection and the least 
mum cross Head separation speed of the machine used. breaking load. The beam containing the Izod notch of 


Testing Procedure 


Table |—Tests Showing Relationships of Breaking Load, P; Deflection, F, Notch Radius, R, and 
’ Index of Fracture Work, 


Test Coupon: Simple beam, | in. thick x 3'/; in. deep x 16-in. span, with */,-in. deep notch 
All tests were made at 75° F., and with a loading speed of 0.3-0.5 in./min. 


Notch Breaking Work Index 
Radius, Load, Deflection, W=PXF, Initial 
Type of Notch R, In. P, Lb. F, In. In.-Lb. Fracture 
Pressed 45° V 0.003 33,400 0.06 1990 Cleavage 
Pressed 45° V 0.003 33,000 ¥ + Cleavage 
Average 0.003 33,200 0.06 ~~ 1990 
Machined Izod 45° V 0.010 39,200 te “es Cleavage 
Machined Izod 45° V 0.010 37,800 0.16 6160 Cleavage 
Average 0.010 38,500 0.16 6160 
Standard Charpy, keyhole 0.039 44,800 Cleavage-shear 
Standard Charpy, keyhole 0.039 46,400 0.44 20,060 Cleavage 
—_— Average 0.039 45,600 0.44 20,060 
ot radius Coupon not notched ae (63,400) 4.125 261,500 No fracture 
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Table 2—Chemical and Physical Properties of Steels Tested 
Standard Rectangular Test Coupons with 8-In. Gage Length, Conforming to A.S.T.M. Specification E8, Were Used 


Steel 7 Steel 12 Steel 13 Steel 15 Steel 16 Steel 17 Steel 20 Steg» 
Plate thickness, in. 1 1'/, 1 1 1 1), 
Chemical composition 
Carbon, % 0.21 0.33 0.26 0.20 0.17 0.19 0.18 Oy 7 
Manganese, % 0.44 0.55 0.46 0.45 0.40 0.42 0.44 4 
Phosphorus, % 0.020 0.014 0.015 0.019 0.012 0.015 0.014 gm 12 
Sulphur, % 0.033 0.035 0.030 0.029 0.034 0.030 0.026 6 
Silicon, % 0.01 0.02 0.01 0.07 0.18 0.07 0.20 OM 13 
Tensile properties ° 
Longitudinal tensile (fracture Transverse to Rolling) 16 
Tensile strength, psi. 60,100 60,500 57,150 59,300 64,500 58,000 62,000 60.5% 
Yield point, psi. 32,900 38,600 31,800 30,400 39,300 32,900 39,000 37. 17 
Elongation, 8 in., % 30.7 30.3 30.0 31.0 28.0 31.0 33.0 7 
Transverse tensile (fracture Parallel to Rolling) 20 
Tensile strength, psi. 58,400 60,500 58,200 58;500 pies 56,000 
Yield point, psi. 31,200 35,200 30,200. 31,400 Le. 32,400 


Elongation, 8 in., % 32.2 29.6 31.0 31.3 m3 27.0 


0.01 in. radius required higher breaking load and showed _ thickness from '/2 to 2'/, in., the chemical compositiof 
greater deflection. The Charpy uotch required a still and the physical properties of which are listed in Tal 
higher breaking load and produced a greater deflection 2. Several exploratory tests were also made on nij 


than the above two notches. No fracture was produced steel butt-welded seams in 1-in. thick plates welded ‘nf 
in the unnotched beam even after application of a high the manual and submerged-arc processes. The latte 
load and a bending deflection of 4!/s in. were accepted for the tests on basis of X-ray inspectiogum Det 


The relationships between the breaking load and the and were not tested for chemical or physical propertig 
deflection, deflection and the notch radius and between It is to be noted that all the steels have a norm 
the fracture work index and notch radius are graphically chemical composition and that their tensile strength T 
presented in Fig. 4, on log-log coordinates. Additional are within the range of 56,000—60,500 psi., with an averdiilit 
test data are given on the relationship between the unit age elongation of about 30% in 8 in. except the killer 
breaking loads and notch radii in a subsequent section steels 16 and 20 which show a somewhat higher tensild 


mas 


of the paper. These data show that under cleavage- strength and yield point. able 
tear test conditions the unit breaking load indicates The microstructures of representative Steels 7, ig I 
with sufficient accuracy the resistance of a steel to frac- 17, 16, 20 and 22 in the as-received condition are shownfiiiyar 
turing, higher breaking loads being required if greater in Figs. 5 (A) to 5 (F), inclusive, at a magnification offiirac 
amounts of flexing or deformation are to occur. 100 diams. As is noted, Steels 7, 15 and 22 show dis 
tinct segregation banding and are ship-plate quality 
Steels 7 and 22 are rimmed steels.and 15 is semikilled 
Materials of Test 


Steel 17 is less banded and is also of semikilled quality: 
The killed Steels 16 and 20 show practically no banding. 
Eight steels were used in this investigation, varying in The austenitic and actual grain sizes, McQuaid-Eha 
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be 
Th 
acto 
os Fig. 5 (A) Fig. 5 (B) 


rmality (A.S.T.M. E19-46), and the inclusion con- 
wnt (A.S.T.M. E45-48T) of each steel are listed below. 


d 
120 Steel 4 
/s ——Grain Size——~ 
el No. Actual Austenitic Normality Inclusions 
IS Oy 6-7 2'/2 Normal D thin 4 and C 
04g heavy 3 
“4, 0.0 12 7 2"/s Normal D thin 5 and C thin 
5 
0 0.6) 13 6 3 Slightly D heavy 4 and C 
abnormal heavy 3 
15 6 3 Normal D thin 4 and D 
heavy 3 
16 8 8'/2 Slightly D thin 4 and D 
WO 60,54 abnormal heavy 4 
00 37.9 17 6 3 Normal D thin 5 and A 
0 x heavy 3 
0 5-6 Notdeter- §...... D heavy 5 and C 
mined thin 4 
22 8-9 Notdeter-  ...... D thin 4 and A 
mined heavy 2 


OM posit} The microstructure of welds was found to be satis- 


ed in Tayggectory and comparable to that of welds meeting the 
de on mig™equirements of Paragraph U-68 of A.S.M.E. Code for 
welded Pressure Vessels. 

The latte 

" inspectiogm Determination of Effect of Variables on Development 
properties of Cleavage Fractures 

- norma 

> Strengthg™ The behavior of steels with respect to their suscepti- 
th an avefility to developing cleavage fractures was effectively 
the killedilinasked by numerous variables. It was, therefore, 


her tensidlnecessary to investigate the effect of some of these vari- 


ables, since no quantitative data on them were available. 


‘els 7, 15M In this section are reported the effect of the following 
are showngfvariables on the development of brittle or cleavage 
ification offfMractures, determined by the cleavage-tear tests: 

dis . . 

os Eccentricity of Loading 

semikille Depth and Thickness of Section 

Depth of Notch 

banding of Notch 

Juaid-Ehn 


Fig. 5 (C) 


Figures (A) to (D) show the microstructure of Steels 7, 15, 17 and 16, respectively, in the as-received condition. 
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Radius at Base of Notch 
Heat Treatments 

Rate of Load Application 
Temperature of Testing 


Unless otherwise stated the following test conditions 
were used: the steels were tested in full thickness, in 
the as-received condition and in a direction so that the 
fractures produced were transverse to the direction of 
rolling of the plate; the depth of notch was */j¢ in. 
and formed by cold pressing; the angle of notch was 
45°, with 0.0015 in. radius at the base of the notch; 
the depth of the test coupon was 6 in. and its thickness 
1 in.; the nominal eccentricity of loading was 4.5 in. 
(Type D coupon, Fig. 1); the temperature of testing was 
32° F.; and the rate of load application was 2 in. per 
minute of cross-head separation of the tensile machine. 

Unless otherwise stated, the unit breaking load values 
if listed in the tables as single values are averages of two 
or more tests, and the fractures obtained are of the cleav- 
age type. 


Effect of Eccentricity of Loading on Breaking Loads 


The effect of eccentricity of loading on breaking loads 
was. investigated by a series of tests on '/,- to 1'/4-in. 
thick plates, using the various types of test coupons 
shown in Fig. 1 for eccentricities of loading from 0 to 
13 in., and 45 and 60° notches. Steels 12, 13, 15 and 17 
were used for the coupons with 60° notch, and the 
breaking loads were determined for fractures in two 
directions: parallel and transverse to the direction of 
rolling of the plate. For the 45° notch, Steels 17 and 
22 were used, with fractures transverse to direction of 
rolling of the plate. The results are given in Table 3. 

Figure 6 shows the reciprocal of unit breaking loads 
for transverse and parallel fractures, as a function of 
eccentricity of loading, for the coupons containing the 
60° notch. The resulting curves are straight lines, in- 
dicating that P/A is inversely proportional to e. It is 
to be noted that the slope of the curve for transverse 
fractures is considerably different from that for the 
parallel fractures. This indicates that the anisotropic 


Fig. 5 (D) 
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Fig. 5 (£) 


Fig. 5 (F) 


Figures (£) and (F) show the microstructure of Steels 20 and 22, respectively, in as-received condition. 


chant: Picral-Nital. x 100 


properties of rolled steel plates can be clearly revealed 
by the cleavage-tear tests, and that the resistance to 
brittle fractures in the direction parallel to rolling is 
considerably less than in the direction transverse to 
rolling of the plate, the anisotropy becoming more pro- 
nounced as the eccentricity of loading is increased. This 
is evident from Equations 7 and 8 discussed below. 
Equation 8 covers fractures parallel to the rolling 
direction and coritains the anisotropy factor g, the value 
of which for the steels tested is 0.752/0.617, or 1.23. 
In deriving this value, g is assumed to have an arbitrary 
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ECCENTRICITY OF LOADING, @, IN INCHES, 


Fig. 6—Effect of Eccentric Loading on Unit Breaking Loads 


value of | for fractures transverse to direction of rolling. 
The test results appear to be more consistent for {r- 
tures in the transverse direction than for those in th 
direction parallel to rolling of the plate. 

It was found that Equation 5 could be used for expres- 
sing the relationship between the load eccentricity and 
experimentally determined unit breaking loads, P 4. 
The numerical values of S, n and gq were found from the 
test data, and substituted in Equation 5, yielding the 
following equations: 


Transverse fractures, 


60° notch: — __-__ 49200 
1 + 0.617 (5 — i) 
Parallel fractures, 
weg VE 
1 + 0.752 i) 
Transverse fractures, 
45° notch: = 48,000 (9 
1+ 0.617 (; 


The P/A values computed by above equations ar 
also listed in Table 3. Above equations show that the 
value of the factor m remains constant throughout the 
entire range of the tests. This indicates that no curved 
beam conditions exist for the values of e, d and /) used 
so far as cleavage fractures are concerned, and that tota 
deflections produced prior to fracturing are rather small 
It is also obvious that as the load eccentricity is increase¢ 
beyond certain limits, the effectiveness of the notch is 
reduced (see Equation 6) and thereby the deflection 
become appreciable, causing shearing to occur. In the 
latter case, the factor v should be applied, as indicate 
by Equation 4. Such a condition appears to have beet 
reached in the tests where the values of e/(d — /1) & 
ceeded about 2.3. 

An examination of Equations 7, 8 and 9 reveals tha! 
the numerators in these equations are also constat! 
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Table 3—Effect of Load Eccentricity, e, on Unit Breaking Load, P/A 
(A) Notcu ANGLE, 60° 


3 Unit Breaking Loads, P/A, Psi. 
, itricity, Steel 12, Steels 15 and 17, Steel 13, Average, omputed, 
In. 1 In, 11/, In. P/A P/A 
re Fractures Transverse to Rolling Direction 
0) i 46,000 Lew 46,000 46,200 
1 28,200 28,200 28,900 
bate War 1.5 24,600 24,100 23,000 24,000 24,000 
3 17,600 17,000 17,300 16,600 
<? RM) 4.5 12,700 13,000 13,100 13,000 12,600 
7t 9,300 8,700 9,000 8,900 
9 7,300 7,500 7,400 7,300 
Sey bade) 13 6,600 (shear) A 5,400 5,400 5,300 
ea rm Fractures Parallel to Rolling Direction 
0 45,700 45,700 45,700 
27,000 27,000 26,600 
1.5 23,000 24,100 21,400 22,800 22,000 
3 16,700 16,300 16,500 14,500 
oe 4.5 12,100 11,000 12,300 11,800 11,000 
8,000 8,000 8,000 7/600 
9 6,300 6,300 6,100 
Ly 13 4,600 sell 4,400 4,500 4,400 
(B) Nortcu ANGLE, 45° 
Fractures Transverse to Direction of Rolling 
Steel 22, 1/2, In. Steel 17, 1 In. 

1.5 22,600—24,000 21,700—22,500 22,700 23,200 

3 16,000—18,000 15,600-16,200 16,400 16,100 

4.5 11,800—12,300 12,000—12,200 12,100 12,200 
dition. 9 6,800- 7,200 6,300- 6,600 6,700 7,000 


* The values of ¢ listed above are nominal, to which 4/2 or 0.094 in. should be added to obtain the actual eccentricity (Fig. 1). 
t The coupon for these tests was the same as coupon Type F (Fig. 1) except its dimensions e and m were 1 in. longer than those 
of Type F coupon. 


it for frae- 
i ‘! UG hroughout the entire rarige of the tests and could be decreases, and also that increasing the coupon depth 
for expres considered to represent the cleavage strengths, in psi., beyond about 6 in. has practically no effect on the unit 
tricity and the steels tested in presence of the corresponding breaking load. 
ads, P 4pmnotches, since P/A equals the numerator in each case 

’ <#if cis assumed to be zero. It appears that the numerical Fig. 7 (A) 
values of S in Equations 7, 8 and 9 could also be con- : 
sidered as representing the breaking strength of these 
steels in absence of a notch but under the same state 
{ stress that would have prevailed had the notch been 
| (7 present. The effect of notch geometry and other factors 
, ) s discussed in subsequent sections of the paper. 

Figures 7 (A) to 7 (D) show the appearance of cleav- 
ige-tear coupons, after fracturing at 72° F., for ec- 
entricities of loading of 0, 3, 7 and 9 in., respectively. 
= [he coupons were coated with lime-whitewash to show 
i) the stress pattern, and, in addition, reference lines were 

drawn on the coupon shown in Fig. 7 (B) for measuring 

the deformation produced by the fracture. Lt is to be 
(g) noted from Fig. 7 (A) that even if the tensile pull is 
5) applied on the centroid of the coupon, some eccentricity 
h ft loading is induced by the presence of the notch on 
iat the edge of the coupon, as indicated by Equation 6. 
ient ted A comparison of Figs. 7 (B), 7 (C) and 7 (D) shows that 
the neutral axis of the coupon moves closer to the cen- 


d from the 
elding thé 


hout th - 
a all troid as the eccentricity of loading is increased, as is 
re also indicated by Equation 6. 
-? “ Effect of Section Depth and Thickness on Breaking Loads 
SS ccseal The effect of coupon or section depth and thickness 
notch ian the unit breaking loads were investigated by using 
eflection# “CUPONS of various depths shown in Fig. 1, the range of 
In the COUPON depths covered being 1 to 24 in. Steels 7, 15, 
indicated \7, 20 and 22 were used for the tests, representing a | 
yer thickness range of '/, to 2'/, in., inclusive. Fig. 7 (B) 
results of these tests are listed in Table 4 and those 
obtaine eavage-lear coupons alter fracture, with a limewashn coating 
Fig. 8 applied, to show the stress pattern. The 7 (A) coupon has a depth 
eals that ‘ ste: 1S to note at as tne ept oi t ecoupon of 4in. and centric loading; 7 (8B) has a depth of 6 in. and an eccen- 
constasl ecreases from the value of 6 in. the unit breaking load _ tricity of loading of 3in. Notch angle was 60° in both coupons. 
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Fig. 8—Effect of Coupon Depth on Unit Breaking Loads 


6-in. section and it appears thereby the effect of the 
notch is nullified. The modified equation is: 


var 
48,000 liste 
6e e Tal 
6 > d—-h— — 0.5 ¥ 
(10) eff 
Fig. 7 (D) 
Cleavage-Tear coupons after fracture, with a limewash coatin obt 
applied to reveal the stress pattern. Coupon depth was 6 in. po | k = 0, if net section depth, d — h, 1S less than 6 in. 
notch angle 60° in both cases, with eccentricity of loading of 7 and k = 1, if net section depth, d — A, is 6 in. or greater 
9 in. for 7 (C) and 7 (D), respectively. and e-— (d a h)/2 is greater than —3. P 
The P/A values computed by Equation 10 are listed rl 
Equation 9 derived from loading eccentricity tests in Table 4 and agree well with the experimentally deter- 
described in the preceding section for 45° notch was mined values for the entire range of coupon depths and 
found to be applicable, except it had to be modified thicknesses covered. The tensile testing machine of 
to satisfy the condition that for coupons 6 in. or greater 300,000-Ib. capacity available for these tests did not n 
in depth the P/A value remains practically unchanged. permit testing coupons in 1-in. thick plates greater than 
The modified equation applies where the load eccen- 24 in. in depth, with the load eccentricity used. It is 
tricity values are such that the term e — (d — h)/2 is believed that the results obtained on coupons of depths 
greater than —3. If the latter is less than —3 the point greater than above would conform to Equation 10. 
of load application would be below the centroid of the It would appear from above then that a net section re 
nc 
wi 
th 
Table 4—Effect of Depth and Thickness of Coupon, on Unit Breaking Load, P/A lo 
Coupon Unit Breaking Loads, P/A, Psi. th 
Depth, d, In. Steel 22, '/, In. Steel 17, 1 In. Steel 20, 2'/, In. Average, P/A Computed, P/A tk 
13/16 5,000-— 5,200 7,200* 5,700— 6,500 5,500 5,300 al 
23/16 8,700—-10,700 9,700 8,100 
33/16 9,400-10,800 10,600—11,000 9,800—10,600 10,400 9,700 
43/15 11,000-11,700 11,400 10,900 Ir 
11,600—13,300 12,000—-12,300 11,600-12,000 12,100 12,200 
10 12,400—12,800 12,600 12,300 a 
12 13,000—13,600 12,000—12,400 12,600 12,300 
18 10,600-12,400 12,200—12,400 ug 12,300 12,300 
22 12,200—12,500 beds 12,350 12,350 
24 12,300—12,500 12,400 12,350 


* Partly shear, due to excessive deflection. 
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depth of about 6 in. is required to obtain the required 
rigidity and to compensate for the stress gradients 
created by the notch, and that for sections 6 in. or 
seater in depth the P/A value becomes independent of 
the size of the section, within the limits investigated. 
It is apparent, however, that the above need be some- 
what modified in cases where the degree of triaxiality 
is appreciably increased by a pronounced increase in 
the ratio of the section, thickness to section depth. The 
use of large test coupons has recently been advocated 
by some investigators* on basis of other considerations. 
it would appear also that the numerator in Equation 10, 
which is 48,000 psi., is the cleavage strength of the steels 
for the notch geometry used, since for coupons 6 in. 
or greater in net depth the value of P/A approaches 
that of the numerator as the term e — (d — h)/2 ap- 
proaches the value of —3. This explains as to why the 
unit breaking load does not change materially as the 
thickness of coupon is varied or its net depth is increased 
beyond 6 in. 

It follows from above that a notch of specified geo- 
metry and orientation establishes a state of stress which 
in turn establishes a well-defined load level to initiate 
cleavage fracturing. A small notch at the edge of a 
rectangular section appears to modify the breaking 
strength or the load-carrying capacity of the section, 
if the loading is such as to make the notch effective, 
regardless of the depth of the section. The effect of 
notch depth is discussed in the next section of the paper. 


Effect of Notch Depth on Breaking Loads 


The effect of notch depth was determined by a series 
of tests, in which D-type coupons shown in Fig. 1 made 
of Steel 17 were used, except that the notch depths were 
varied from '/s. to '/, in. The results of the tests are 
listed in Table 5 and graphically presented in Fig.9. In 
Table 5 are also included the computed cleavage strength, 
S,and P/A values for various notch depths. 

The equation for the curve in Fig. 9 expresses the 
eect of notch depth variations. By modifying Equa- 
tion 10 by the above term the following equation is 


obtained : 
48,000 [1 0.71m( 1.245 


A 140617 IE )+ k(d —h— 0.50) 


(11) 


in which 
1, if notch depth is less than 5/, in. 
0, if notch depth is 5/3. in. or greater 


It is to be noted that in the preceding section the 
results were found to be consistent by using the same 
notch depth, while the coupon depths and thicknesses 
were varied through a fairly wide range. This indicates 
that the effect of the geometry of the notch on breaking 
loads is not directly related to the effects produced by 
the geometry of the test coupon. Equation 11 shows 
that changing the notch depth changes the stress by an 
amount proportional to the parabolic relation: (h — 
»)/h*, in which b and ¢ are constants. It is evident 
irom the latter that P/A is practically unchanged if the 
value of h becomes large, and that it approaches infinity 
as the value of h approaches zero, indicating that no 
cleavage fractures develop in absence of a notch. 

Table 5 shows that the cleavage strengths increase 
appreciably as the notches become shallower, the value 
of S for a notch depth of !/, in. being 90,500 psi. It is 
to be noted that cleavage strengths are independent of 
notch depths greater than about 5/x in., and that a 
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Fig. 9—Effect of Notch Depth on Unit Breaking Loads 


notch as shallow as '/3 in. is sufficient to initiate a rup- 
ture or cleavage crack, although at much higher loads 
than the deeper notches. It follows then that the so- 
called ‘‘notch severity” is not as an important factor in 
large sections as has been.suspected. On the basis of 
the above it is obvious that a notch of °/ in. or greater 
in depth is sufficient to reduce the breaking strength of 
steel to its cleavage strength, if the section is 6 in. or 
greater in depth and is of sufficient thickness to support 
development of cleavage cracks. The implications of 
this conclusion in design work are numerous, discussion 
of which is beyond the scope of this paper. 
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Table 5—Effect of Notch Depth, h, on Unit Breaking Load, P/A, and on Cleavage Strength, S 


Computed 
Notch Depth, Experimental — Computed Cleavag: 
h, In. P/A Range, Psi. P/A Average, Psi. P/A, Psi. Strength, S, Ps. 
1/39 22,500—23,000 22,750 23,000 90,500 
14,300—14,700 14,500 14,500 57,300 
3/s9 12,800—12,800 12,800 13,000 50,400 
1/s 12,000—12,600 12,300 12 300 48,300 
5/s0 12,000—12,100 12,050 12,150 48,000 
3/16 12,000—12,300 12,150 12,150 48,000 
1/, 12,000—12,100 12,050 12,000 48,000 
1 


10,200 48,000 


Effect of Notch Angle on Breaking Loads 


For determining the effect of notch angle on breaking 
loads a series of tests were made using D-type coupons 
from Steels 15 and 17, with angles of notch varying 
from 30 to 120°. Most of the tests were conducted at 
32° F. and some at room temperature. The experimen- 
tal data are summarized in Table 6 and graphically 
presented in Fig. 10. P 

The equation expressing P/A as a function of the 
tangent of one-half the notch angle, tan N/2, is as 
follows: 


a = 12,150 [1 + 0.29 tan 3( tan x . tan 22.5°) 


2 2 
(12) 

The above indicates that as the notch angle is changed 
the breaking load is modified by a component of the 
stress proportional to: tan N/2[tan N/2 — tan 22.5°]. 
Although the tan N/2 vs. P/A curve is parabolic in 
type, the P/A value for notch angles 0-45° can be con- 
sidered as being approximately constant and equal to 
12,150 psi. for the test coupon used. 

By combining Equations 11 and 12 the following more 
general equation is obtained: 


48,000 [1 + 0.71m (1.245 - 


v 


|(1 — 0.12 tan + 0.29 tan? >) 


require about the same unit breaking load as a nots 
of 90°. In above connection it is of importance , 
note that fillets 90° or less in angularity, with sm 
radii at the base, are capable of starting cleavage » 
fatigue cracks. The effect of notch radius on breakin, 
loads is discussed in detail in the next section of ty 
paper. 

In conjunction with determination of breaking load 
for notches of different angularity, the yield loads wer 
also determined in each case. In these tests yielding 
occurs progressively, it first appearing at the notd 
The yield load referred to above is the load at whic 
the first evidence of yielding is observed by flaking of 
of the scale at or near the notch. It was found that th 
yield load was approximately the same for all notche 
ranging from 10,800 to 11,800 psi., with 11,300 psi. x 
the average. The ratio of the yield load to the breaking 
load for each notch angle is included in Table 6 an 
also shown graphically in Fig. 10. 


An examination of values of above ratio shows tha 
where the ratio of the yield load to breaking load j 
about 0.80 or higher cleavage fractures occur, and that 
where this ratio is lower than 0.80 shear fractures pre- 
dominate. It is also apparent that as the notch angk 


6e e 


It is of interest to note that in Equations 7 and 9, 
which cover load eccentricity tests with 60 and 45° 
notches, the value of the factor m remains constant, 
although the cleavage strengths of the steels are different 
for the two notches. This indicates that the curves 
A/P vs. e for cleavage fractures obtained with notches 
of different angularity are parallel to each other, and 
that only the numerator of the equation need be changed 
if the notch angle is changed. This would be predicted 
by Equation 13. On above basis, Equation 7 was 
computed from Equation 9 by the use of notch angularity 
term given above, which computation yielded the value 
of about 49,300 psi. for the numerator of Equation 7 as 
compared with the experimentally determined value of 
49,200 psi. The agreement is not bad. 

The unit breaking loads computed in accordance with 
Equation 13 are included in Table 6 and are in close 
agreement with the experimental values. Equation 4 
need not then be applied for computing the shear frac- 
ture loads, since in this case the slope of the tan N/2 vs. 
P/A curve applies the necessary correction. 

The experimental data show that with angles of notch 
of about 90° or less the initial fractures are mostly of 
the brittle or cleavage type, whereas those with notch 
angles greater than 90° are of the shear or the ductile 
type. A straight notch of a width of about 0.035 in. 
made by the cut of a regular hacksaw was found to 
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(13) 


approaches zero, the yield load almost coincides with 
the breaking load. It follows then that, other condi 
tions being the same, cracks if subjected to stresses 0! 
sufficient intensity are likely to extend themselves in 
the form of cleavage fractures. It is also apparent 
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Fig. 11—Effect of Notch Radius on Unit Breaking Loads 
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hat a finite unit breaking load is required to produce 
actures even if the angle of notch approaches zero. 
Vero angle of notch can be assumed to be approached by 
racks, On Which basis the P/A value computed by 
Equation 13 for N = 0 is 48,000 psi. 

In light of the above data let us consider the maximum 
election within the elastic range obtainable at the 
enter of a simple beam, which is supported at the ends 
pnd loaded in the center with a single load. This de- 
lection can be computed by the following flexure 
formula : 


PH 
where 

F = maximum deflection at center of beam, in. 
P = applied load, Ib. 
| = length of beam between supports, in. 
E = Young's modulus of elasticity = 30 X 10° psi. 
] = moment of inertia, in.‘ 


The coupon used in the tests summarized in Table 1 
was a beam of above type, and was 1 in. thick, 3'/ in. 
deep and had a span of 16 in. The data presented in 
Table 6 indicate that in sharp notches the yield point 
and the breaking load practically coincide with each 
other. Assuming, then, P to have the value of about 
0,000 lb., which load induces a tensile stress of about 
60,000 psi. at the notched edge of the above beam, a 
deflection of about 0.025 in. is possible within the elastic 
range, according to the equation cited, assuming that 
the breaking strength and the yield point (proportional 
limit) are brought together by the notch. The curve 
F ys. R in Fig. 4 shows that this amount of deflection 
would be obtained if the radius at the base of the notch 
was about 0.001 in., from which it follows that with the 
latter radius at the base of the notch the beam would 
break but still would be within the elastic range. Ina 
subsequent section of the paper it is shown that the 
radius at the base of cleavage fractures is of the order 
of three-millionth of an inch. By extrapolation, it is 
found from Fig. 4 that the deflection corresponding to 
this notch radius is about 0.0003 in. It is obvious, 
therefore, that no appreciable yielding is possible in 
fractures of strictly cleavage type, since the radius at 
the base of such cracks is much smaller than the above 
value, and that under the circumstances cracks will 
extend themselves with-cleavage fractures. The latter 
confirms conclusions reached by notch angularity data, 
discussed above. 


Effect of Notch Radius on Breaking Loads 


The effect of the radius at the base of the notch on 
breaking loads was studied through a series of tests on 
Steel 17, using D-type coupons, in which notch radii 
varied from 0.0015 to 0.10 in. In Table 7 are listed 
the experimental and computed unit breaking loads for 


Fig. 12 (A) 


Fig. 12 (B) 


The shear fracture, shown in (A), started from a 45° notch whose 
base radius was 0.10 in. in a coupon 6 in. deep and | in. thick when 
a load of 121,800 lb. was applied with an eccentricity of loading of 
4!/,in. P/A = 20,300 psi. Fracture: shear. 

The fracture shown in (8) started from a 45° notch whose base 
radius was 0.04 in. in a coupon 6 in. deep and | in. thick when a 
load’ of 101,000 lb. was applied with an eccentricity of loading of 
4'/,in. P/A = 16,850 psi. Fracture: a combination of cleavage 
and shear. 


each notch. Figure 11 is a log-log plot, showing P/A 
as a function of the notch radius, R. The resultant 
curve is a straight line, its equation being: 


P/A = 25,300 R°-138 (14) 


It is to be noted that Equation 14 is identical in form 
to theoretical equations for expressing natural strain 
in terms of the tensile stress. The constant 25,300 in 
Equation 14 can be written in the following form: 
25,300 = 12,150/(0.0015)°.""5, where 12,150 is the 
experimentally determined unit breaking load for a notch 
with 0.0015-in. root radius. The expression 1/R°-'* 
can be considered as being an index of stress concentra- 
tion at the notch as approximate stress measurements 
have shown. It appears that R is independent of the 
notch angle, as is indicated by the data given in Tables 


Table 6—Effect of Angle of Notch, N, on Unit Breaking, Load, P/ A, and on Ratio of Yield to Breaking Loads 


Ratio of 
Notch Experimental Yield Point 
Angie, P/A Computed, to Breaking 
> Tan N/2 Range, Psi. Average, Psi. P/A, Psi. Load Fracture 
30 0.268 12,000—12,200 12,100 12,100 0.94 Cleavage 
45 0.414 12,000—12,300 12,150 12,150 0.93 Cleavage 
60 0.578 12,300-12,700 12,500 12,600 0.90 Cleavage 
75 0.793 13,000-13,400 13,200 13,100 0.86 Cleavage 
90 1.000 13 800—14,600 14,200 14,200 0.80 Cleavage 
98 1.150 14,800—15,400 15,100 15,100 0.75 Shear-cleavage 
105 1.303 15,500—16,900 16,200 16,300 0.71 Shear 
120 1.732 19,000—20,600 19,800 20,200 0.56 Shear 
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1 and 7, and of coupon depth as indicated by the data 


in Table 4. The value of 1/(0.0015)°-!!* is 2.085. 


Insertion of above values in Equation 13 yields the 


following equation*: 


h — 0.031 


48,000 [1 + 0.71m (1.245 - 


(1 — 0.12 tan + 0.29 tan? 3) (2.085R°-1*) 


than 9. In the above it is assumed that the steel is 4, 

temperature below its transition temperature range. 
Figure 11 shows that the unit breaking loads for sna 

root radii of notches made by cold pressing and thoy 


It is apparent from Equations 14 and 15 that P/A 
becomes zero if R is zero. However, since finite loads 
are required to continue extension of cracks into sound 
sections, it is obvious that the radius at the base of a 
crack has a finite value. Numerous cleavage cracks 
were examined at high magnifications with the object 
of measuring the radius at the base of such cracks. 
It was found that the radii varied considerably, the 
smallest being of the order of 3 X 10-*in. The breaking 
strength of the steel section containing a */,.-in. long 
cleavage crack computed by Equation 15 amounts to 
23,700 psi. The order of the stress at the base of such 
a crack is obtained by multiplying the constant 48,000 
in Equation 15 by 4.21, which is thé reciprocal of R®-'"*, 
with R = 3 X 10-*. According to above this stress is 
in excess of about 200,000 psi., indicating that the values 
of technical cohesive strength of the steel are reached at 
the base of cleavage cracks. The relative stress con- 
centration ratio on above basis would then be greater 


*k and m have the same values in Equation 15 as those designated in 
previous’sections. 


18 in. 
tion, the coupon depth being 12 in. 


The cleavage fracture in (7) was obtained in the as-rolled steel, the coupon depth being 
The cleavage-shear fracture in (9) is in the same steel in the normalized condi- 


The shear fracture of conchoidal type produced in 
the same steel after water quenching heat-treatment is shown in (3). 


-[/ 6¢ (15) 
1 + 0.617 + k(d — h — 6) (; 0.50) | 


for notches with large root radii prepared by machining 
or drilling conform to the straight line relationship ¢ 
P/A vs. R, within the experimental accuracy. This 
indicates that -the breaking loads are not materially 
affected by the shallow cold working found at the bay 
of the pressed notches. Undoubtedly some localize 
cold working occurs at the base of all notches befor 
fracturing occurs, so that the small amount of cold work. 
ing present in the pressed notches prior to stressing 
should not change the situation materially. This js 
also confirmed by Fig. 4 and the data given in Table | 

In above connection the test data also show that note) 
radii smaller than the radius of the conventional [204 
V notch (0.01 in.) favor development of cleavage o, 
brittle fractures, and that notches with Izod or Charpy 
radii produce a combination of cleavage and shear 
fractures. Notches with radii greater than the latter 
notches favor shear fractures. This is illustrated by 
Figs. 12 (A) and 12 (B). The shear fracture in Fig 
12 (A) started from a notch which had a radius of 0.1) 
in. at its base, whereas the cleavage-shear fracture in 


All coupons are 1 


in. thick, had a 45° notch (radius at base, 0.0015 in.) and were broken at 32° F. 
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ig. 12 (B) started from a notch with 0.04 in. radius 
base. 

me cleavage or breaking strength of 23,700 psi. re- 
red to above is only about 40% of the axial tensile 
trength of the steels tested, determined by the conven- 
nal method. It follows then that cracks, if present, 
e very dangerous since relatively a much smaller load 
J] be required to extend them in the sound structure, 
nd because the breaking load needed progressively de- 
eases as the depth of the crack increases, due to 
ecultant increase in eccentricity of loading. 

Sharp notches, such as surface fissures in forgings, 
ystings or rolled plates, also weld underbead cracks, 
eld undercuts and similar surface irregularities fall 
binder the above category. It is obvious that they should 
be avoided in all cases possible, since cleavage fractures 
re likely to originate from them at relatively low load 
-vels because of the smallness of the radius at the base 
pf these irregularities. Incipient fatigue cracks can 
be considered as being small cleavage fractures. 


‘fect of Heat Treatment on Breaking Loads 


In Table 8 are summarized the unit breaking loads 
ybtained on Steel 17 after various heat treatments, 
ncluding annealing, normalizing, water quenching and 
stress relieving, and also on manual and submerged 
src-weld seams in the as-welded and stress-relieved 
onditions. Notch angles of 45, 60, 90 and 120° were 
sed to determine the effect of notch angularity on the 
behavior of the steel in various heat-treated conditions. 
‘or the weld seams the 45° notch was used. 
In these tests the coupons were notched after heat 
reatment. Of the heat treatments used, normalizing 
onsisted of heating to 1650° F. for 1 hr. and cooling 
in still air. Annealing was done by heating for 1 hr. 
at 1650° F. and furnace cooling. Water quenching 
onsisted of heating for 1 hr. at 1650° F. followed by 
quenching in water. The stress relieving treatment 
onsisted of heatirig for 1 hr. at the temperatures in- 
dicated in 8. 
It is to be noted from the test data given in Table 8 
that normalizing and, especially, water quenching ma- 
terially increase the breaking loads and at the same time 
reduce markedly the tendency toward development of 
brittle fractures if the angle of notch is 60° or less. The 
elect of above heat treatments is not detectable with 
angles of notch greater than about 60°. It was found 
pthat annealing produces some very erratic results, evi- 
dently due to the fact that this heat treatment promotes 
segregation and ferrite banding in some of the steels, 
ind thereby reduces their resistance to cleavage frac- 
turing. Some further study in this direction is contem- 
plated. Somewhat analogous results were also obtained 
in steel plates stress relieved at 1200° F. In the case of 
welds, stress relieving at 1200° F. was found to be 


Fig. 14—Appearance of Fractures in Weld Seams 


The fracture obtained in the submerged-arc weld seam in the as- 
welded condition is at the extreme left. The fracture in the center 
is in the manual weld broken in the as-welded condition. The 
fracture in these two coupons is predominantly cleavage type. 
The shear fracture seen at the right, which runs at about 45° with 
the vertical plane of the coupon, is in a manual weld seam stress 
relieved for 1 hr. at 1200° F. All coupons are | in. thick, 6 in. 
deep, had a 45° notch, an eccentricity of loading of 4'/; in. and 
were broken at 32° F. 


beneficial both to manual and to submerged arc welds. 
The latter heat treatment increased the breaking loads 
as well as the resistance of both welds to propagation 
of brittle fractures. Heating for 1 hr. at 300° F. pro- 
duced practically no effect on the plate materials but 
appeared to increase somewhat the resistance of the 


Table 7—Effect of Notch Radius, R, on Unit Breaking Load, P/A (Temperature of Test: 


72°F.) 


— Experimental 
Notch P/A P/A Computed 
Radius, Range, Average, P/A, 
Notch Type R, In. Psi. Psi. Psi. Fracture* 
Base of a cleavage crack 3 xX 107° 6,020 (B) 
1 X 8,950 (B) 
1 X 1073 11,600 (B) 
Pressed notch, 45° 1.5 X 1078 11,700-12,200 11,950 12,150 B 
Pressed notch, 45° 3 X 107-3 12,600-12,600 12,600 13,200 B 
Machined V notch, 45° ‘xm 13,400—-15,100 14,250 14,500 B 
Machined Izod V, 45° 1 X 107? 14,500-15,500 15,000 15,100 S,B 
Machined Charpy keyhole 4X 107? 16,850-18,150 17,500 17,650 S,B 
Drilled round hole 1 X 107! 19,000—21,500 20,300 19,500 S 


* S designates shear and B brittle or cleavage fractures. Letters in parentheses designate probable type of fracture. 
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Table 8—Effect of Heat Treatment on Breaking Loads 


Steel 17, in Conditions Indicated 


P/A Range, 
Condition Psi. 
Notch angle, 45° 
As-received 11,800—13,100 
Stress-relieved 
At 300° F. 11,400—-12,200 
At 1200° F. 11,000—11,250 
Normalized 12,200-13,800 
Water quenched 16,300—17,500 
Water quenched and stress- 
relieved at 1200° F. 16,000—17,300 
Notch angle, 60° 
As-received 10,800—13,200 
Normalized 15,000—18,900 
Water quenched 17,000—24,000 
Annealed 


10,200—16,700 


13,000—14,800 

Normalized 13,600—14,700 
Notch Angle, 120° 

As-received 18,100—21,000 

Normalized 19,000—19,600 


Welded Joints, in Conditions Indicated 


Manual Welds 
As-welded 13,000 
Stress-relieved 
At 300° F. 16,800 
At 1200° F. 17,300—17,800 
Submerged-are welds 
As-welded 12,500 
Stress-relieved 
At 300° F. 12,000-12,500 
At 1200° F. 14,850—16,600 


* (P/A)ur designates unit breaking load in heat-treated condition. 


Average (P/A) prs 
P/A, Psi. P/A) Fracture 
12,150 1.00 Cleavage 
11,800 0.97 Cleavage 
11,100 0.92 Cleavag: 
13,300 1.10 Cleavag shear 
16,900 1.40 Shear 
16,650 1.37 Shear 
12,500 1.00 Cleavage 
17,600 1.41 Shear 
20,700 1.66 Shear 
13,500 0.85-1.08 Cleavage-shear 
14,200 1.0 Cleavage 
14,020 1.0 Cleavage 
19,800 1.0 Shear 
19,300 1.0 Shear 
13,300 1.00 Cleavage 
16,800 1.26 Cleavage-shear 
17,600 1.32 Shear 
12,500 1.00 Cleavage 
12,250 1.00 Cleavage 
15,750 1.26 Cleavage-shear 


(P/A)ar designates unit breaking load in as-rolled 


manual weld to cleavage fracturing. The effect of heat 
treatments on transition temperatures is discussed in 
a subsequent section of the paper. 

The effect of heat treatments is somewhat quantita- 
tively expressed in terms of the ratio of the unit breaking 
load of the heat-treated pieces to that of the pieces in 
the as-received condition. These ratios are tabulated 
in the next to last column of Table 8, for comparison. 
It can be seen, for example, that with a notch angle of 
60° the load required to produce cleavage fractures in 
Steel 17 is increased 40% by normalizing and 66% by 
water quenching treatments. 

The effect of heat treatment on the fractures produced 
in Steel 17 is shown in Fig. 13. The cleavage fracture 
obtained in an 18-in. deep coupon in the as-received 
condition is shown in 1. The cleavage-shear fracture 
seen in 2 is in the normalized coupon of 12 in. depth, 
and the predominantly shear fracture of conchoidal 
type shown in 3 is in the water-quenched coupon of 
12 in. depth. All coupons were 1 in. thick, had a 45° 
notch and were tested at 32° F. 

The fractures obtained in welds are shown in Fig. 14. 
The view at the left is the fracture in the submerged- 
arc weld seam, and that in the center is in the seam of 
a manual weld, both welds being in the as-welded 
conditions. The fracture in both above is predominantly 
of cleavage type. The shear fracture obtained in the 
manual weld seam, after stress relieving for 1 hr. at 
1200° F., is at the extreme right. In the latter three 
coupons the notch was 45°, the weld seam thickness 
1 in., its depth 6 in., and 32° as the testing temperature. 


Effect of Loading Rate on Breaking Loads 


The rate of load application was found to have no 
effect on the breaking loads, within the limits of loading 
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rates investigated. The test results substantiating 
above are summarized in Table 9. Steels 7 and 15 were 
used in these tests, the coupon depth being 6 in. with 
eccentricities of loading of 3 in. and 4'/,in. The loading 
rates used varied from 0.06 in. per minute to 2.2 in. per 
minute, the latter being the maximum speed of the cross- 
head separation of the tensile testing machine. In 
these tests a 60° notch, */:. in. deep, was used, and the 
testing temperature was about 75° F. 

, These tests were made in the early stages of this in- 
vestigation, in which the coupons happened to be so 


Table 9—Effect of Loading Rate on Breaking Loads 


(Fractures Parallel to Rolling Direction. 
75° F. Notch Angle 60°. 


Speed, P/A in Psi. — 
In./Min. Steel 7 Steel 15 
(A) Eccentricity of Loading, 4.5 In. 
14,000 
13,300 14,100 
1.5 15,700 14,500 
1.2 13,300 14,900 

0.7 15,800 

0.25 13,400 14,900 
0.07 15,500 13,400 
Av. P/A 14,500 14,200 

(B) Eccentricity of Loading, 3 In. 

2.2 cite 20,700 
1.8 19,500 
1.4 vies 21,100 
0.5 22,500 

0.25 19,600 18,000 
0.06 19,100 , 19,000 
Av. P/A 20,400 19,600 


Test Temperature: 
Notch Radius, Not Determined) 
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oriented that the fractures fell parallel to the direction 
of rolling of the plates. Due to the anisotropy of these 
steel plates discussed in a previous section of this paper 
the unit breaking loads show considerable variations. 
These variations are, therefore, believed to be the result 
of the directional properties of the steels, rather than 
the result of variations in the speed of load application. 

It is known that the rate of load application has an 
important effect on breaking loads and on the resultant 
deformation in cases where the stresses are unidirec- 
tional, or where an appreciable deformation through 
yielding occurs. In cleavage-tear tests the stresses are 
multiaxial and no appreciable yielding or deformation 
occurs if the fractures are of cleavage type. Conse- 
quently, the cleavage fractures encountered in this in- 
vestigation can be considered to be practically unaf- 
fected by the loading rates used. 


Effect of Testing Temperature on Breaking Loads 


A series of tests were made on 1-in. thick Steels 7, 
15, 16 and 17 using the type of test coupons, notching 
and conditions listed in Table 10. The heat treatments 
used were the same as previously described. The cou- 


pons were broken within the temperature range of 


- —25 to 200° F. with the object of determining the effect 


of temperature of testing on breaking loads. It was 
found that above certain testing temperatures within 
the above range the fractures obtained were of the 
shear type, whereas those obtained below these tem- 
peratures were of the cleavage type and required less 
load to cause fracturing. The temperatures at which 
these changes occurred were recognized as being the 
“transition temperatures’ of the steels. Transition 
temperature is defined as being the temperature at which 
a mafked change occurs in the amount of energy ab- 
sorbed by fracturing, and at which the appearance of the 
fracture changes from the ductile to the brittle type. 
Therefore Charpy impact tests were also made using 
the standard keyhole coupons, to establish transition 
temperatures of the steels by the latter tests. The 
fractures in both tests were transverse to the direction 
of rolling of the plate. 

The seatie of the tests are summarized in Table 10 
and those by the Charpy impact tests in Table 11. A 
comparison of the transition temperatures determined 
by the cleavage-tear and Charpy tests is shown in Table 


Table 10—Effect of Testing Temperature on Unit Breaking Loads and Fractures (Single Tests) 


Coupon Depth, 


Condition d, In. 
Steel 15—Notch Angle, 45° 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
Steel 15—Notch Angle, 60° 
As-received 6 
As-received . 6 
As-received 6 
As-received 6 
As-received ‘ 6 
As-received 6 
As-received 6 
Normalized 6 
Normalized 6 
Normalized 6 
Water quenched 6 
Water quenched 6 
Steel 16—Notch Angle, 45° 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 12 
Normalized 12 
Water quenched 12 
Water quenched 12 
Steel 17—Notch Angle, 45° 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 18 
Normalized 6 
Normalized 6 
Normalized 18 
Steel 7—Notch Angle, 45° 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 


Test temp. 
P/A, Psi. Fracture 
125 16,700 Shear 
110 16,300 Shear* 
100 14,300 Cleavage-shear 
95 12,300 Cleavage 
32 12,100 Cleavage 
200 16,300 Shear 
110 17,000 Shear 
105 15,900 Cleavage-shear 
95 12,500 Cleavage 
70 12,500 Cleavage 
32 12,400 Cleavage 
10 12,500 Cleavage 
50 18,500 Shear 
32 15,400 Cleavage 
10 14,400 Cleavage 
35 19,200 Shear 
0 17,000 Cleavage-shear 
90 18,000 Double-shear 
75 17,500 Cleavage-shear 
70 17,000 Cleavage-shear 
62 15,200 Cleavaget 
32 14,700 Cleavage 
0 14,200 Cleavage 
—25 14,200 Cleavage 
0 15,200 Cleavage 
0 and 32 20,000-21,000 Shear 
32 25,000 Shear 
0 17,800 Cleavage-shear 
100 16,000 Shear 
87 15,700 Shear * 
7 12,300 Cleavage-shear 
74 12,100 Cleavage 
32 12,200 Cleavage 
75 17,600 Shear 
32 13,200 Cleavage 
32 13,800 Cleavage 
130 17,800 Shear 
125 17,200 Shear 
125 17,300 Shear 
115 17,500 Shear * 
106 15,400 Cleavaget 
90 13,800 Cleavage 
32 13,000 Cleavage 


* Cleavage fracture of about 1 in. length at bottom, where the section was subjected to compression due to bending. 
t Partly shear fracture 1-2 in. in length at bottom, where the section was subjected to compression during fracturing, due to 


bending. 
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Test 
Temp., Steel 7 Steel 15 ————_Stteel 
°F. As-Reed.t As-Recd. Ann. Norm. W. Q. As-Recd. Norm. W. Q. 
TE 8, 10 13, 21 
—65 35, 3, 37 
— 50 34, 39 22, 26 3,3 
—35 41, 38 5, 7 25, 26 5, 9 
—2) cai 39, 35 23, 25 12,8 
—10 2,2 Rave 
0 13,45 5, 6 os! 7,8 44, 50 28, 29 9, 18 
15 10, 11, 17 13, 6, 11 . 30, 29 oA 
25 18, 19, 7 21, 21 4,4 
32 18, 22 18, 30 5,20 37,33 43, 49 24, 28 
45 23, 21, 27 28, 30 11, 17 
85 30, 32, 2¢ 35, 37 29,31 41,39 651,43 33,35 40,41 33, 37 
Transition Temperature Range, ° F. 
0 to 45 10to30 25to45 Otol0 —80 to —35to —85to —35to 
—65 —20 —75 0 


*Impact values are in ft.-lb. 
t As-Recd. = As-Received; Ann. = Annealed; 


Table 11—Charpy Impact Tests at Various Temperatures (Standard Keyhole Notch Coupons)* 


As-Recd. Ann. Norm. 
5, 6 3,4. 
10, 5, 12 4,3 
18, 22 15, 18, 12 
26, 23 4,5 22,29 
7, 6 
28, 26 20,16 26, 22 
35, 31 29,23 35, 33 
— 20to 25 to —20 to 
—10 32 


Norm. = Normalized; W. Q. = Water Quenched. 


12. Briefly, the transition temperature ranges deter- 
mined by the cleavage-tear tests for the steels in the as- 
received condition are as follows: for the rimmed steel, 
Steel 7, 100-115° F.; for the semikilled Steels 15 and 
17, 95-110° F. and 79-87° F., respectively; and for the 
titanium-deoxidized Steel 16, 65—80° F. 

It is to be noted from the tables that for the steels 
in the as-received condition there is a difference of 
95-100° F. between the transition temperatures deter- 
mined by the Charpy and cleavage-tear tests, the latter 
showing consistently higher transition temperatures for 
all the steels tested. The difference between the transi- 
tion temperatures for the steels in heat-treated condi- 
tions range from 40 to 75° F. Variations in notch an- 
gularity and coupon depths were found to have no ap- 
preciable effect, within the limits investigated. 

Although the transition temperature range as in- 
dicated by the impact tests is somewhat indefinite for 


° 


CHARPY IMPACT VALUES IN .FT-LBS. 
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CLEAVAGE-TEAR TEST UNIT BREAKING LOAD, , IN 1000 PSI. 


~ 


8 


20. «40 60 100 +120 
TEST.NG TEMPERATURE IN °F. 

. 15—Effect of Testing Temperature on Unit-Breaking 

ds and Determination of Transition Temperatures by 
Charpy Impact and Cleavage-Tear Tests 
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age-Tear tests just below and above the transition temperature 0! 


Steel 7 
As-re 
Steel L 
As-ré 
Ann 
Nor! 
Wat 
Steel 1 
As-r 
Nor: 


Steel 7, a well-defined transition temperature range was 
revealed for this steel by the cleavage-tear tests, as th, 
curves for these two types of test shown in Fig. |; 
Figure 15 (A) depicts the fractures obtained in D type 
coupons of this steel, in the as-rolled condition, jy 
below and above its transition temperature. 


Fig. 15 (A) 


The pair 
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and 


32°F 


90°F 
Fig. 15 (B) 


130 °F 


Fractures, shown in (A), in rimmed Steel 7 obtained by the Cleav- 


the steel. 
Fractures, shown in (8), in rimmed Steel 7 obtained by the Cleav- 


age-Tear tests at the temperatures indicated. Below the transition 
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Table 12—Comparison of the Transition Temperatures of 


Steels 7, 15, 16 and 17 as Determined by the Charpy 
Impact and Cleavage-Tear Tests 


Transition Temperatures, ° F. 
Cleavage-Tear Charpy Im- Transition 
Tests pact Tests, Temp. 
45° 60° Keyhole Difference, 
Notch Notch Notch 
Steel 7 
As-received 100-115 ie 0 to 45 90 
Steel 15 ° 
vhs recelvel 95-110 95-110 10 to 30 85 
Annealed 25 to 45 
Normalized oe 32-50 0 to 10 40 
Water quenched Below 0 to —65 70 
Steel 16 
As-received 65-80 baw —35 to —20 100 
Normalized Below 0 oo —85 to —75 et 
Water quenched BelowO ... —35 to 0 
Steel 17 
As-received 79-87 care —20 to —10 100 
Annealed 25 to 32 
Normalized 32-75 a —20 to —10 60 
Water quenched —65 to —50 


at the left was obtained by breaking the coupon at 
106° F. and that at the right by testing at 115° F. 
The former shows a cleavage type of fracture and the 
latter the. shear type. The transition temperature of 
this steel is, therefore, approximately within the tem- 
perature range of 100-115° F. as determined by the 
test conditions used. In Fig. 15 (B) are shown addi- 
tional fractures in the same steel at temperatures above 
and below the transition range, the pair at the left 
being obtained at 32° F., that in the center at 90° F. 
and the pair at the extreme right at 130° F. It is to 
be noted that the fractures below the transition range 
are of cleavage type, whereas those above that range 
are of shear type. Some scatter of results are possible 
near the transition temperatures, but the general trend 
is unmistakable. Numerous tests made on various 
types of steel not related to this investigation have con- 
firmed the latter. 

Figure 15 is a graphical presentation of the transition 
temperatures of the steels in the as-received condition, 
as determined by the conventional Charpy impact and 
cleavage-tear tests. The difference between the transi- 
tion temperatures of the four steels determined by these 
two test methods is clearly evident. It is also evident 
that a sharp change occurs in the unit breaking loads 


Fig. 16—Appearance and Course of a Double Shear Fracture, Which Started from a 120° Notch 
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at the transition temperature of each steel, higher loads 
being required by the shear or ductile fractures and lower 
loads by the brittle or cleavage fractures. 

It is to be noted from Fig. 15 that the steels are clas- 
sified in the same order by the cleavage-tear and impact 
tests, with respect to their transition temperatures. 
This appears to prove that the ‘notch sensitivity” 
of a steel can be evaluated effectively without measuring 
the specific work done or the energy absorbed by frac- 
turing, as is the practice in impact or other tests, but 
by merely measuring the breaking loads, in pounds per 
square inch, obtained with the use of a suitable test 
coupon. The latter method is simpler, it yields more 
accurate results since nonhomogeneity and simular 
factors are eliminated by the use of large test coupons, 
and its results instead of being in ft.-lb. are in terms of 
P/A which the designer can use. 

On account of the excessive deflections obtained in 
shear tests, no attempt is made to apply Equation 4 
for computing breaking loads for the latter type of frac- 
tures, since the correction factor v in the above equation 
is a variable. However,. the data listed in Table 10 
show that about 30-45% higher loads are required to 
produce shear fractures than cleavage fractures. The 
P/A values for cleavage fractures occurring below the 
transition temperature range conform to the values 
computed by Equation 5, as has been shown in the 
previous sections of the paper. 

It is beyond the scope of this paper to discuss the 
validity of the assumption that the transition tempera- 
ture of a given steel is a fixed temperature range, re- 
gardless of the states or systems of stress to which the 
section of that steel is subjected. It is apparent that the 
conventional impact tests are of qualitative, rather than 
quantitative value. Service failures of steel plates in 
monolithic structures seem to indicate that their transi- 
tion temperatures under service conditions are at least 
about 100° F. higher than those shown by impact tests, 
and tests recently made on fairly large models of struc- 
tures® have confirmed this. Since the transition tem- 
peratures determined by the cleavage-tear tests are also 
about 100° F. higher than those indicated by the impact 
tests, it appears that the results of the cleavage-tear 
tests described in this paper are more nearly indicative 
of the behavior of a given steel under service conditions 
than those obtained by the conventional impact tests. 
Transition temperatures under service conditions are 
further discussed in the paragraph immediately 
following. 
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As the test results reported in previous sections of this 
paper show, it is necessary to use a test coupon whose 
depth is at least 6 in. in order to obtain an approximate 
state of balanced stresses and thereby to minimize 
excessive bending and deflection. It has also been shown 
by the data in the notch radius section of the paper that 
it is necessary to use notches whose root radii are smaller 
than those of the notches of the standard Izod and 
Charpy impact test coupons, in order to obtain stress 
concentration of an order sufficient for initiating de- 
velopment of cleavage fractures from the notch. The 
transition temperature ranges determined by the cleav- 
age-tear tests reported in this section were obtained by 
the use of coupons which conform to above requirements 
and have a 45° notch with a root radius of 0.0015 in. 
Exploratory tests have shown that if a notch is used 
whose root radius is smaller than the latter the transi- 
tion temperature range established would be somewhat 
higher than those reported, and that if the notch root 
radius is made as large as the Charpy notch root radius 
(0.039 in.) the transition temperature range found would 
be somewhat indefinite and considerably lower. More 
data are needed to determine whether or not a leveling 
off occurs in this relationship at some value of notch 
root radius or of temperature. The notch root radius 
dimerision as has been shown, is one of the main factors 
which determines the state of stress. It would appear 
then that the state of stress determines the level of the 
transition temperature range and that unless the state 
of stress is defined the transition temperature range 
cannot be defined for a given metal.* 


Discussion 
In monolithic structures of all-welded construction 
multiaxial stresses develop under service conditions, and 
in such structures eccentric loading cannot be avoided 
in most cases. Some small notches such as weld under- 
bead cracks in some segregated zones, slight weld under- 
* The determination of transition temperatures and correlation of the test 


results with service conditions are treated in another paper by the author, 
published in this Issue on pp. 123-s 
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Fig. 17 
The fracture in (1) is of cleavage type, those in (2) and (3) are the shear type. 
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In (4) the main fracture is 
of cleavage type, with a narrow shear fracture at the edges, the latter running at an angle of 45° with the 
plane of the main fracture. 


cuts, or shallow fissuring or discontinuities in the parent 
plate may be present, which may escape detection in the 
finished structure, even with careful inspection. Mas. 
sive castings and forgings fall in the same category. 


These irregularities constitute notches from which 
cleavage fractures may develop under multiaxial stress 
conditions and therefore may be considered conditions 
encountered in service which are very similar to those 
designed in the cleavage-tear test used in this investiga- 
tion. 

The test data presented in this paper show that mild 
steels may fail by development of a cleavage or brittle 
fracture, by the ductile or shear fracture, or by a com- 
bination of both fractures, depending on the conditions. 
The controlling conditions are the extent of restraint to 
the flow of the metal in directions transverse to the 
fracture, and the temperature of the metal subjected 
to fracturing. The speed of load application is another 
factor if appreciable deformation occurs or is possible 
under the state of stress present. The welds tested 
were found to behave similarly to steel plates. The 
cleavage fracture is characterized by its “‘sugary’ or 
“erystalline’’ appearance, by the absence at the fracture 
of an appreciable ductility such as stretching or deforma- 
tion, and by its sudden appearance at a given load level 
and rapid rate of penetration. It has been stated that 
cleavage fractures have a rate of propagation of about 
3500 to 4500 ft. per second.’ The shear fracture on 
the other hand has a. “‘silky’’ appearance, shows evidence 
of normal deformation, such as elongation and area 
reduction, its rate of propagation is slow and the exten- 
sion of its fracture gradual. For the sake gf simplifica- 
tion, it has been stated that cleavage fractures develop 
by separation of the metal along certain cleavage planes, 
whereas the shear fractures develop by sliding of one 
part over the other to the point where separation occurs. 

Several types of shear fractures produced by the 
cleavage-tear tests were ericountered in this investiga- 
tion, the orientation and nature of some of which are 
shown in Figs. 16 and 17. Figure 16 shows a double- 
shear fracture which runs at an angle of about 45° 
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with the notched edge of the test coupon. The fracture 
in Fig. 17 (1) is cleavage type, and was included for com- 
parison. The coupon in Fig. 17 (2) shows a shear frac- 
‘ure, which runs at an angle of about 45° with the face 
or vertical plane of the coupon. In Fig. 17 (3) the frac- 
ture starts at the same angularity as in above case but 
rotates itself through an angle of 180°, as the center of 
the test coupon is reached. Figure 17 (4) shows slight 
shearing along the edges of the cleavage fracture, the 
course of the shear fracture being at an angle of about 
45° with the plane of the main cleavage fracture. These 
shear fractures have been described here somewhat in 
detail, because they confirm that the stresses involved 
in the test coupons used are multiaxial in nature. This 
has also been confirmed by stress measurements made 
simultaneously with these tests, the results of which, 
however, not being sufficiently classified, are not pre- 
sented in this paper. 


Fig. 18 (A) Fig. 18 (B) 


Above show the contrast between shear and cleavage type of 
tractures. The V-shaped and narrow band of fracture of dark 
appearance a little below the upper edge of the coupon is a shear 
fracture, the rest baing cleavage fracture. The deformation 
associated with shear fractures is depicted by (8), in natural size. 
Note the slight but definite contraction in the section of the plate, 


pets arid 2'/2 in. below the notch, where the shear fracture 
curred, 
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Fig. 19 (A) Fig. 19 (B) 


A typical cleavage fracture, shown in (A), of 22-in. depth obtained 
in Steel 17. The fracture developed suddenly at the testing tem- 
perature of 32° F. with a sharp retort, at a load of 268,400 lb., the 
entire section breaking intc two pieces. The coupon was 22 in. 
deep, | in. thick, with an eccentricity of loading of 12'/,in. It had 
a 45° notch of */;.-in. depth, with 0.0015 in. radius at base of the 
notch. The unit breaking load amounts to about 12,200 psi 

(B) shows, in natural size, a portion of the same fr 
the herring-bone formation in this fracture, which 
cleavage fractures. 
the fracture. 


ture. Note 
typical of 
The ‘‘arrew heads’’ point toward the origin of 


The fracture shown in Fig. 18 (A) is 16 in. in length 
and was produced in a coupon of that depth. Upon 
application of a load a cleavage fracture was formed, 
penetrating to a depth of about 2'/, in. below the notch. 
It was arrested at that point by an interposing shear 
fracture, the latter starting from both faces of the cou- 
pon, in a manner similar to the shear fractures seen along 
the edges of the coupon in Fig. 17 (4), and gradually 
extended itself to the center of the coupon. The latter 
finally resulted in a narrow band of V-shaped shear 
fracture, which acted as a barrier against the progress 
of the cleavage fracture. The formation of this shear 
fracture probably occurs in the same manner as that often 
found along the edges of conventional tensile test frac- 
tures. When the load was then reapplied the entire 
remaining section broke by a single cleavage fracture. 
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Fig. 19 (C) 


Cleavage fractures developed in 22 in. deep coupons tested at 
32° F., the notch used being 45° and */;5 in. deep. 


The contrast between the shear and brittle fractures is 
seen in Fig. 18 (A), the V-shaped shear fracture being 
somewhat darker due to its finer appearance. Figure 
18 (B) shows this section in natural size, in which it is 
clearly seen that considerable contraction has occurred 
at the point where the shear fracture predominates. 
Typical cleavage fractures in 22-in. deep coupons are 
shown in Fig. 19. One of the characteristics of cleavage 
fractures is clearly shown in actual size in Fig. 19 (B), 
this characteristic being a herring-bone appearance given 
to the fracture by small ridges and valleys formed by 
the sudden rupture. A comparison of this herring-bone 
pattern with that of the shear pattern shown in Fig. 18 
reveals that the former points toward the origin of the 
cracks whereas the latter points in the opposite direction. 
Cleavage fractures which have been arrested by shear 
fractures similar to that shown in Fig. 18 have occurred 
in a few all-welded ships, the termini of which cracks, 
upon being chipped for repair, have been found to 
penetrate 1 to 2 in. deeper in the center than at the sur- 
face of the plate. The herring-bone pattern of the cleav- 
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age fractures referred to above has been found to ty ,, 
considerable aid in tracing fractures to their origins — 

The characteristic difference between the shear 4), 
cleavage fractures is more clearly seen under the tier, 
scope. Figure 20 (A) shows at a magnification of \y 
diam. the severe distortion and cold working present jp 
the metal adjacent to a shear crack and Fig. 2 \p 
shows a portion of the same fracture at a magnificatip, 
of 1000 diam., with more details of cold working ang de. 
formation being discernible at the latter magnificatio, 
Figure 20 (C) shows, likewise at 1000 magnification 
a cleavage fracture merging into a shear fracture. |, 
this case considerable shattering and extension of crac), 
in many directions are observable. A typical cleayag 
or brittle fracture is shown in Fig. 20 (D), also at jy 
magnifications. It is to be noted that the crack in th 
latter case is straight, penetrates ferrite and pearl, 
grains indiscriminately and terminates with a yep 
sharp end. Fractures of the latter type indicate thy 
they are produced by a triaxial state of stress of hig) 
order. 

Numerous measurements have shown that the radi, 
at the terminus of cleavage fractures is not the same 
different fractures, the smaller radii often being foun 
in fractures formed at low temperatures and by loading 
systems which release a high potential energy whe, 
fracture occurs. The smallest radius found was of th 
order of three-millionths of an inch. This has bee 
referred to in Table 7, in connection with the data on th 
effect of notch radius on breaking loads. It is apparen: 
that the radius at the base of these cleavage fractures 
although very small, has a finite value. Otherwis 
as has been discussed previously and as Equation |: 
shows, the load required to extend such fractures woul! 
equal zero, which obviously is not true. 

The shear or ductile fracture is less dangerous becaus 
it is always associated with deformation which require 
expenditure of a large amount of energy. Unless energy 
is available at the required rate to continue the fractur 
the extent of damage of this type of fracture is localized 
The cleavage fracture on the other hand occurs with 
practically no deformation and hence with no appreci- 
able amount of energy absorption. The latter type oi 
fracture appears suddenly as soon as a certain load level 
is reached, progresses with a high rate of penetration 
and causes more extensive damage, because only a slight 
amount of energy is dissipated by this type of fracturing 

As has been shown, the cleavage or brittle fractures 
are the normal rather than the abnormal type of frac 
tures that occur under certain set of conditions, whereas 
the ductile or shear fractures are the normal type pro 
ducible under other set of conditions. There are over- 
lapping conditions in which a combination of both frac 
tures may occur. As stated above, development °! 
brittle fractures is favored by increasing the restraint 
to transverse flow, by decreasing the temperature and 
by increasing the rate of load application, the latter 
being a factor only if appreciable deformation is obtai- 
able. Unfortunately, however, above factors can seldom 
be controlled under service conditions. The damaging 
effect of cleavage fractures can therefore be minimize‘ 
by other means, such as by modification in design or by 
selection of better materials of construction or by 4 
combination of both. 

Of the various design modifications suggested the one 
that has found most favor and has been put into prac- 
tical use to a certain extent consists in inserting riveted 
seams in some of the critical sections of monolitluc 
structures, such as all-welded ships.. The object of this 
modification is to break up the monolithic structure into 
several independent sections in order to obtain struc 
tural flexibility and also to provide discontinuity in the 
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Fig. 20 (A) Fig. 20 (B) 


(A) shows severe deformation in a shear fracture. Etchant: Picral-Nital. x 100 
(B) shows portion of the same shear fracture, as seen at higher magnifications. Etchant: Picral-Nital. x 
1000 


plates so that when a cleavage crack starts it will ter- the notch increases. In order, therefore, to arrest the 
minate at the end of one of the plates without continuing _ progress of cleavage cracks it is only necessary to increase 
itself into the next or overlapping plate. the notch angle and notch radius produced by the crack. 

The test data presented in this paper show that the This can be done simply by drilling holes of certain 
external load required to break a given section, under size in the sections in question, so that when cleavage 
eccentric loading and multiaxial stress conditions, in- fractures develop they will terminate into one of these 
creases as the radius at the base of the crack or angle of holes. The continuity of the crack is abruptly termi- 


Fig. 20 (C) Fig. 20 (D) 


_ (C) shows merging of a cleavage fracture into a shear fracture. Note the shattering and extension of cracks 
in many directions. Etchant: Picral-Nital. > 1000 

(D) is the terminus of a typical cleavage fracture. It is to be noted that distortion is absent and that the crack 
penetrates ferrite and pearlite grains indiscriminately. The crack apparently stops abruptly, with a sharp 
radius and without any off-shoots. Etchant: Picral-Nital. > 1000 
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nated at such holes, since there both the notch radius 
and notch angle are increased. The latter are deter- 
mined by the curvature of the hole used. It is obvious 
that in order to accomplish this no rivets are required, 
except that where necessary some arrangement should 
be made to prevent leakage. To obtain the latter it 
is only necessary to apply butt straps over the per- 
forated area, either externally or internally to the vessel, 
or both, thereby in addition to preventing leakage a rein- 


Fig. 21 (A) 


(A) shows a cleavage crack which penetrated entire depth of 
steel coupon */, in. thick x 24 in. deep. It formed a secondary 
crack about 8'/2 in. below the notch. Entire section broke with a 
snap. Testing temperature: 0° F. 


Fig. 21 (8) 


bottom. 
and notch and testing conditions were the same as in Fig. 21 (A). 
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(B) shows arrest.of cleavage crack by a */,-in. hole at 8 in. from 
With the exception of the holes, the geometry of coupon 
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Fig. 21 (C) On 
The 1-in. thick, 6-in. deep coupon is ‘‘enveloped”’ in two !/,i, a th 
thick butt straps applied on both faces of the coupon by welding » predi 
the edges. Two holes of */s-in. diameter were drilled in each bys sibly 
strap below the notch. The crack penetrated the 1-in. plate , bles 
some distance but was finally arrested by the holes in the bys . 
straps. valu 
the « 
shor’ 
forcement is provided for the section weakened by the 9 Fig. 
holes. If desired, the holes could be drilled in the ¥% 2 in. 
butt straps only, instead of in the shell plates, and thee the s 
butt straps installed by welding at the desired sections 9 trat 
and in the desired direction. It is believed that the 9 of ic 
holes in the butt straps will have the same effect for J tion 
arresting the progress of the cleavage or brittle fractures J shea 
as the ones drilled in the shell plate. Experimenta 9 pers 
data show that the actual diameter of the holes drilled § fron 
need not be larger than one-half the shell plate thickness. J pen 
In most cases these holes could be closed by filling Hi sev! 
them with a suitable material to safeguard against leak. J en! 
age if it is not necessary to reinforce the section by butt com 
straps. Tests have demonstrated that holes effectively J diff 
stop extension of cleavage fractures. Figures 21 (A wor 
to 21 (D) show several variations of applying the above 9 eva 
principle, and illustrate how effective these holes are in 9! 
arresting extension of cleavage fractures. eva 
The use of a material of construction for ships and 9B!) 
pressure vessels which would resist propagation of ¥ 
cleavage fractures, undoubtedly has some outstanding 
advantages. As stated previously, the conventional "" 


tensile tests and the impact tests do not give quantitative 
indications regarding the behavior of a given steel in 
terms of its resistance to cleavage fracture development 
On the other hand ‘with the cleavage-tear test a more 
quantitative determination of above is possible. The 


Fig. 21 (D) 


Same as Fig. 21 (C) except the 1-in. thick center plate was drilled 
instead of the butt straps. e crack was arrested at the hole in the 
center plate. 
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deoxidized Steel 16, for example, was found to be dis- 

tinctly superior to the other steels in resisting extension 

of cleavage fractures, especially in certain heat-treated 
conditions. Obviously, the use of a “‘subzero’”’ tempera- 

ture steel for construction of the critical sections of a 

ship or pressure vessel would materially reduce the hazard 

of cleavage fracture propagation. If such a steel is used, 
any crack originating from some discontinuity present 
in the structure is more likely to be the shear type rather 
than the cleavage or brittle type. Specially deoxidized 
and denitrided steels* of fine-grain structure would un- 
doubtedly be economical for certain critical applications. 

In some cases, the above steels could be used in con- 
iynction with the design modification described in the 
preceding paragraph. 

One of the peculiarities of cleavage fractures consists 
in the fact that their depth of penetration cannot be 
predicted, without knowing the state of stress and pos- 
sibly many other variables, including metallurgical vari- 
ables of the section subjected to fracturing. The P/A 
value may be the same for two test coupons, in one of which 
the crack depth may extend the full section, but only a 
short distance in the second one. This is illustrated by 
Fig. 18 (A), in which the load required to produce a crack 
2 in. in length in a 16-in. deep test coupon was found to be 
the same as that required to produce a crack which pene- 
trated through the entire section of another test coupon 
of identical dimensions, geometry and material specifica- 
tions. In the former case the crack was arrested by a 
shear fracture, whereas in the latter, cleavage fracture 
persisted through the entire depth of the coupon. Aside 
from the metallurgical variables, the depth of crack 
penetration then is determined by the stress pattern, 
several other variables, and by the level of the potential 
energy that has to be reached under a given set of 
conditions before rupture results. Herein lies the main 
difficulty of evaluating materials on basis of fracture 
work, since the variables involved are often difficult to 
evaluate or identify. Determination of unit breaking 
loads, on the other hand, constitutes a better index for 
evaluating resistance to fracturing as has been shown. 
The P/A values would in addition indicate whether the 
iracturing is to occur by shear or by cleavage. The 
transition temperature tests reported in an earlier sec- 
tion of the paper support above. 

The test data appear to show that the load at which 
yielding occurs can be raised almost to coincide with the 
breaking load of the steel by the use of a proper coupon, 
notch geometry and testing conditions. This is indicated 
by the close agreement of the experimental data with 
theoretical equations made use of on above assumption, 
evén though a few modifications were made in these 
equations in order to satisfy the peculiarities revealed 
by the tests. 

On the above basis it would appear possible to evalu- 
ate, approximately, the load-carrying capacity of steel 
under certain conditions, by the use of the derived 
equations. As an example, let us attempt to compute 
lor centric and tangential loading conditions the break- 
ing or cleavage strength transverse to rolling direction 
of a steel beam of rectangular cross section with a net 
depth of 6 in. or greater and say */, in. in thickness, which 
section contains in one of its edges a crack */, in. in 
depth and at right angles to the direction of load applica- 
tion. For above, the general Equation 15 can be used. 
It has been shown that from a practical standpoint 6 
i. could be substituted for the term (d — h) in above 
equation to represent section depths greater than 6 in. 
It has also been shown that for cracks the angle of 
notch can be assumed to be zero, and the notch radius 
at its base equal to about 3 X 10-*in. By substituting 
above values of d, h, N and R in Equation 15, the 
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following simplified equation is obtained, 


if 23,700 
(16) 
A 1 + 0.617e 

The above applies to fractures transverse to rolling 
direction of the plate. The equation applying to frac- 
tures parallel to rolling direction is derived by modifying 
Equation 16 by Equation 8, as follows: 

P 23,700 (17) 

1+ 0.752e 

For centric loading e = 0, and, therefore, the value of 
P/A is 23,700 psi. according to Equation 16, which value 
is the same as that computed by Equation 15 and dis- 
cussed under the section dealing with notch radius.* 
For tangential loading, e = (6 + */\)/2 or approxi- 
mately 3.1 in., substitution of which in Equation 16 
yields the value of P/A = 8150 psi. for the latter type 
of loading. Above are for fractures transverse to the 
rolling direction. For fractures transverse to rolling, 
the corresponding values for centric and tangential 
loading are 23,700 and 7100 psi., respectively, as com- 
puted by Equation 17. If we assume that in the above 
cases the service temperatures are above the transition 
temperature range of the steel, and that as a result frac- 
tures would be of the shear type, the breaking loads 
would be 30-45% higher than the above values. It 
has been shown previously, that the maximum notch 
effect is obtained by notch depths of °/3 to */\» in., and 
that the effect of mass is not appreciable beyond a 
section depth of about 6 in. The values of P/A are 
not, therefore, materially changed by increasing the 
depth of the section or of notch if proper correction is 
made to compensate for the change in loading eccen- 
tricity resulting from increasing the notch depth, in 
accordance with Equation 15. In the above case the 
thickness of */, in. was used in order to assure that the 
section is sufficiently thick to support development of 
cleavage fractures, although we have produced cleavage 
cracks in D type coupons made from '/,-in. thick steel 
plate. The unit breaking load would not therefore 
be expected to change if the section was assumed to be 
thicker than */, in. 

-Above equations are applicable to mild steels, the 
tensile strength of which is approximately 60,000 ps1., 
since steels of the latter tensile strength were used in 
deriving the data. Exploratory tests show, however, 
that they could also be applied to steels of somewhat 
higher or lower tensile strengths, if the equation used 
is modified by the ratio of the tensile strengths. It is 
to be noted that Equation 15 covers only the geometrical 
variables of the notch and of the coupon, the effect of 
which variables on the breaking loads of the steels tested 
was fourtd to be essentially the same. Although the 
terms covering the effects of temperature and of response 
to heat treatments are not included in Equation 15, they 
are identified and can be evaluated by the cleavage-tear 
tests described. 

A confirmation of the unit breaking load figures of 
7100 to 8150 psi. for tangential loading discussed above 
is obtained by comparing them with the results of an 
entirely different type of test. The endurance limit of 
mild steels under corrosion-fatigue conditions or with 
notched bars is found to be not too far off from the above 
figures if the details of the test conditions are considered.° 
In the latter tests the stresses involved are mostly of the 
tangential type, and the notches used, or the pitting and 
intergranular deterioration produced by corrosion, create 
conditions which are almost identical with those of the 


* For sections greater than 6 in. in depth the value of ¢ found by the rela- 
tione = (d — — 6)/2 is equivalent to the value of ¢ = 0 for the 6-in. deep 
coupon (F quation 10). 
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case discussed above. In making the above comparison 
it should be borne in mind, however, that in fatigue 
tests the P/A values represent the nominal unit stresses, 
whereas in cleavage-tear tests the P/A values for tan- 
gential loading represent the unit breaking loads. 

It appears from above figures that if cracks as shallow 
as °/3 to °/i, in. are present in certain orientation in 
critical sections of a monolithic structure, our current 
values of factors of safety of 3 to 5 need reconsideration 
in order to safeguard against continuation of such 
cracks to the point of ultimate failure of the structure, 
even if the loading is within the section m question. 
This is obvious, since the nominal tensile strength of 
60,000 psi., determined by the conventional tensile 
tests and normally used as basis for design, is drastically 
reduced as shown above by stress concentration and other 
factors induced by the presence of notches, cracks or 
similar discontinuities. 

“If the allowance of factors of safety of relatively high 
numerical values becomes impractical by design or other 
peculiarities, then the design or material modifications, 
or both, discussed above could be considered. The 
latter may be found to be more econqmical in most cases. 
Monolithic structures of all-welded construction, such 
as welded ships, certain types of pressure vessels and 
similar structures are particularly susceptible to develop- 
ing large cleavage fractures from some obscure discon- 
tinuity, and deserve the above precautions as to design 
and selection of materials. 

Inasmuch as the load-carrying capacity is a criterion 
of prime importance, the correlation of the P/A values 
with several of the variables including section and notch 
geometries, temperature, etc., should have some practical 
usefulness. The experimental data show that two dis- 
tinct types of fracture and fracture strength are to be 
recognized, one being the brittle or cleavage type mani- 
festing slight deformation and lower breaking strength, 
and the second ductile or shear type exhibiting ductile 
fractures and considerably higher breaking loads. It 
is believed that the test data presented in this paper show 
that both of these types of failure appear to follow cer- 
tain patterns and laws, and that they can be properly 
evaluated and safeguarded against. However, an im- 
mense amount of work needs to be done in this field in 
order to solve the mechanism of fracturing of metals in. 
all its intricacies. 


Summary and Conclusions 


1. A test coupon and procedure have been developed 
and described for determining the tensile breaking loads 
of edge-notched rectangular steel sections, and the condi- 
tions under which failure occurs by cleavage fracturing. 
Several grades of ship plate and pressure vessel steels of 
rimmed, semikilled and killed qualities, covering a thick- 
ness range of '/; to 2'/, in., and several sections of butt 
welds made by manual and submerged-arc processes were 
investigated. Cleavage fractures were developed in all 
above. 

2. The effects of eccentricity of loading, section depth 
and thickness, notch geometry, temperature of testing, 
rate of loading and heat treatments were studied and 
their effects on the breaking loads determined. 

3. Two distinct modes of failure of steel were en- 
countered, one being by the cleavage or brittle fracturing, 
and the other by the ductile or shear fracturing. The 
breaking strength of steel by cleavage fracturing was 
found to be approximately the same for steels of the same 
nominal tensile strength, and appreciably lower than the 
breaking strength by shear fracturing. 

4. The presence of a notch of proper geometry and in 
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proper orientation appears to expand the elastic range of 
steel and to raise the proportional limit almost to coincide 
with the breaking point of the steel. By the use of moqj, 
fied equations the breaking loads can be computed jo, 
notched rectangular sections, if the sections are gp, 
sidered as a whole, without evaluating the stress at th 
notch. Above are obtained if the temperature of th 
steel is below its transition temperature range. 

5. The state of stress established by a notch of abo. 
type establishes a well-defined tensile breaking load {j, 
the section containing the notch. If the load is eccenty; 
cally applied, the unit breaking load for sections greate, 
than 6 in. in depth is approximately the same as that {o, 
the 6 in. section, with equivalent loading eccentricities 
It appears that a critical depth of section is required 4 
compensate for the stress gradients established by th 
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notch, and also to resist bending and deformation of the 
section. 

6. Steels exhibit greater resistance to propagation of 
cleavage fractures in the direction transverse to rolling 
than in the direction parallel to rolling of the plate. The 
anisotropy is clearly revealed by the cleavage-tear tests 
described in this paper, if loading eccentricities greater 
than tangential are used. 

7. The rate of loading within the rates of 0.06 to 22 
in. per minute had no effect on unit breaking loads r- 
quired to produce cleavage fractures. 

8. The effect of the notch geometry variations, in- 
cluding depth, angle and root radius of the notch, was 
found to be of a parabolic type, indicating certain limits 
beyond which their effects are not appreciable. 

9. The notch depth or “notch severity’’ does not 
appear to be an important factor so far as large sections 
are concerned, the optimum effect being produced by « 
to deep notch. Even a 45° notch of in. 
depth is sufficient to produce cleavage cracks in a steel 
section | in. thick and 6 in. deep, if the radius at the base 
of the notch is small, say of the order of 0.0015 in. or less 

10. A finite load is required to continue the extension 
of a crack into the sound structure, this load decreasing 
rapidly as the notch radius is decreased. Incipient 
fissures and similar discontinuities in the surface of steel 
plates, forgings and of castings and weld underbead 

cracks, etc., are therefore dangerous. It is estimated 
that the relative stress concentration at the base ol 
cleavage cracks is in excess of 9 if the average stress of the 


gest 
con: 


section is assumed to be unity, and that the actual stresses r 
required to initiate fracturing in presence of a notch 
probably approach the technical cohesive strength values 
of the material. tl 
11. Normalizing and especially water quenching in- le 
creases the resistance of steels of the type tested to deve- b 
opment of cleavage fractures. Annealing of steel pro- n 
duces erratic results and appears to be somewhat harmful a 
so far as resistance to cleavage fracturing is concerned. I 
Stress relieving of welds at 1200° F. can, in general, be e 


considered helpful for increasing the resistance to cleav- 
age fracturing. 

12. The transition temperatures of steels were de- 
termined by the cleavage-tear tests, by measuring unit 
breaking loads expressed in pounds per square incli. 
The transition temperatures found by these tests {or 
several 1 in. thick steel plates are 85—100° F. higher than 
those indicated by the Charpy impact tests, and therefore 
appear to be more nearly indicative of the behavior 0! 
steelin service. Nevertheless, the transition temperature 
of a steel cannot be defined under service conditions un- 
less the rate of stress that prevails under the same con- 
ditions is also defined. 

13. A given section of steel may fail by shearing or by 
cleavage fracturing depending on the state of stress in- 
volved, temperature of the metal and the condition of 
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the material, each type of fracture being normal within 
-ertain limiting conditions. The behavior of the welds 
tested was found to be very similar to rolled steel plates, 
with respect to development of cleavage and shear frac- 
tures. In general, notches 90° or smaller and notch root 
radii smaller than.about 0.01 in. favor development of 
cleavage fractures. 

14, Shear fractures are less damaging because of the 
resultant deformation, which localizes the extent of their 
damage, and their rate of propagation is slow. Cleavage 
fractures, on the other hand, produce practically no de- 
formation, occur as soon as a critical load level is reached, 
and propagate at a very rapid rate. 

15. If a small crack or a discontinuity similar to a 
notch is present or is developed in a monolithic structure 
in service, large cleavage fractures are likely to develop 
from it, unless the imposed loads are low. Approximate 
computations made on the basis of the data presented in 
this paper indicate that our present factors of safety are 
inadequate to safeguard against possible failures origi- 
nating from notches or discontinuities. 

16. Several remedial measures are suggested for mini- 
mizing the potential damage of cleavage fractures in 
monolithic structures and pressure vessels. These sug- 
gestions cover modifications in design and in material of 
construction. 
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Cleavage Fracturing and Transition 


Temperatures 


By A. B. Bagsart 


WO primary types of fracturing are encountered 

in steel, one being the cleavage or brittle type 

and the other the shear or ductiletype. Although 
the susceptibility to cleavage type of fracturing is dif- 
ferent in different steels, either type or a combination of 
both above types of fracturing may be considered as being 
normal in a given steel, depending on the state of stress, 
and the temperature and condition of the metal. Shear 
lractures progress slowly, cause permanent deformation 
and only localized damage. Cleavage fractures, on the 
other hand, show no appreciable permanent deformation, 
appear suddenly as a critical stress level is reached, and 
propagate rapidly, causing severe damage. Several 
serious failures in monolithic structures, such as all- 
welded ships and pressure vessels, have been caused by 
cleavage fracturing. A study of the latter type of frac- 
turing is therefore of practical importance. 

In a recent paper! the author has described a testing 
procedure, termed the cleavage-tear test, for determining 
the susceptibility of steels to cleavage type of fracturing, 
and for evaluating conditions and variables which affect 
the initiation of such fractures. Data are given in the 
above paper on the effects of eccentricity of loading, sec- 

= Paper presented at the joint meeting of the Society of Naval Architects 
and Marine Engineers, and the American Welding Society, Philadelphia Sec- 
tion, held on January 16, 1948, at the Engineers’ Club, 1317 Spruce Street, 


Philadelphia, Pa. 
| Chief Metallurgical Engineer, Sun Oil Co., Philadelphia, Pa. 


of Mild Steels 


tion depth and thickness, notch geometry, temperature 
of testing, rate of loading, and heat treatments. Several 
grades of ship plate and pressure vessel steels of rimmed, 
semikilled and killed qualities covering a thickness range 
of '/. to 2'/, in. and several sections of butt welds mad 

by manual and submerged-are processes were investi- 
gated. On the basis of the test data obtained, equations 
were derived expressing the combined effects of section 
and notch geometries on the development of cleavage 
fractures. Although some of the terms in these equa- 
tions are empirical, it appears evident from the data pre- 
sented that the cleavage mode of fracturing conforms 
to certain laws and that the conditions controlling the 
initiation of such fractures can be evaluated and safe- 
guarded against reasonably accurately. 


Impairment of Strength by Cleavage Cracks 


According to the data given in the above paper, the ef- 
fect of section and notch geometry variations is parabolic 
type; beyond certain limits these variations produce no 
appreciable change in the load that is required to cause 
fracturing. For rectangular sections, a minimum section 
depth of about 6 in. and a notch of an optimum depth of 
about °/s:—*/. in. constitute the limiting geometry condi- 
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tions. These establish a state of stress which, in turn, 
‘establishes a definite unit breaking load for the section. 
It is stated that for a given eccentricity of loading and 
within the above limits the load-carrying capacity of a 
rectangular steel section is determined mainly by the 
geometry of the notch, and that under the circumstances 
the unit breaking load becomes independent of the size 
or mass of the section. The smaller the root radius of the 
notch, the greater is the tendency for the section to fail 
by cleavage fracturing and the lower is the load-carrying 
capacity of the entire section. A limiting value in above 
is obviously reached as the dimension of the notch root 
radius approaches that at the base of a cleavage crack. 
Inasmuch as the root radius of a cleavage crack is esti- 
mated to be of the order of three millionths of an inch 
the above relationship is expressed mathematically. 
For a section 6 in. or greater in depth containing at its 
edge a cleavage crack °/x in. or greater in depth, the 
nominal breaking stress, Sy, at temperatures below the 
transition temperature of the steel, is evaluated approx- 
imately by the following equation: 


Sy = (1 + 0.617e) (1) 
in which 

Sy == nominal breaking stress, computed disregard- 
ing the presence of the notch, pounds per 
square inch, 

P = total load required to cause cleavage fracturing, 
pounds, 

A = cross sectional area subjected to fracturing, sq. 
inches, 

e = eccentricity of loading, measured from the 


centroid of the section to point of load appli- 
cation, inches. 


Above is for fractures transverse to rolling direction 
of the"plate. For fractures parallel to rolling direction: 


APPLIED 
TENSILE LOAD 


breaking stress, Sy, is approximately 23,700 psi., under 


P 
Sy = | (1 + 1.23 X 0.617e) (2) 


Equation 2 indicates that the load carrying « 
in the rolling direction is greater than in the , 
transverse to rolling of the plate. 

The paper cited previously shows that for centric 
loading, in which case eccentricity of loading, ¢, js ieee 
and for a steel of 60,000 psi. ultimate tensile strength 
determined by the conventional tensile test, the nominal 


“apacity 
lirection 


above conditions. Substitution of latter 
Equations | and 2 yields the following: 


Sy = F ie 23,700 psi. = 0.4 tensile strength (3 


values jn 


Fquation 3 shows that in the presence of a °/s.-in. deep 
cleavage crack of proper orientation, which can be as. 
sumed to act as a notch, the tensile strength of stee! js 
reduced by about 60%. It appears then that, under 
above condition, a normally ductile steel behaves almost 
like ordinary gray cast iron, both in its tensile strength 
and ductility. Several investigators using different test 
procedures have also reported that a substantial reduc. 
tion occurs in the breaking strength of steel in presence 
of sharp notches.* It has also been observed that failures 
have occurred in several all-welded ships when service 
or loading conditions have imposed a stress almost 
equal to the nominal breaking stress given by Equation 
3. The implications of this statement are obvious in de- 
sign of massive monolithic structures, such as ships and 
certain types of pressure vessels of all-welded construc 
tion. In such structures, due to complexities of con- 
struction, it is unsafe to assume that small defects and 
similar discontinuities are entirely absent. Under the 
circumstances, the resistance of steel to fracturing 
amounts to only about 40% of its tens‘le strength, as is 
indicated by Equation 3, which situation should be recog. 
nized in computing the factor of safety of the structure, 
especially if the structure is to operate at temperatures 
below the transition range of the steel. 


Transition Temperatures 


In view of above, the transition temperatures of steels 
have very important practical significance. Transition 


LOAD 


“pb” = full plote thickness. 

"R" = notch root rodius = 0.0015", or as specified. 


TYPE COUPON 


"p" = full plate thickness. 
“R" = notch root radius = 0.0015", or as specified. 


Fig. 1—Details of Cleavage-Tear Test Coupons; Types D and DX 
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Table |—Chemical and Tensile Properties of Steels Tested 
Steel 18 Steel 22 

Carbon, 0.20 0.20 
Manganese, % 0.63 0.45 
Phosphorus, q 0.020 0.020 
Sulfur, % 0.033 0.045 
Silicon, % 0.07 0.01 
Tensile strength, psi. 61,300 60,500 
Yield point, psi. 31,400 37,000 
Elongation, 8 in., % 34.4 27.0 


temperature can be defined as being the temperature at 
which the mode of fracturing changes from the cleavage 
or brittle type to the shear or ductile type. In the pres- 
ent paper, test details and data are given on determina- 
tion of transition temperatures and on behavior of steels 
with respect to these temperatures. 

The conventional method for determining the transi- 
tion temperature of a steel is the impact test of the Izod 
or Charpy type. In these tests the energy absorbed by 
fracturing is measured, and the temperature range at 
which this energy changes abruptly is recognized as 
being the transition temperature range of the material 
under test. In the cleavage-tear tests the transition 
temperatures are determined by simply measuring the 
unit load, P/A, required to cause fracturing, at various 
temperatures. As the transition temperature range is 
reached, an abrupt change occurs in the unit breaking 
load required to cause fracturing. Above this tempera- 
ture range fractures are of the shear type, and below that 
range of the cleavage type, the unit load required to 
cause fracturing by shear being in all cases higher than 
that required to cause fracturing by the cleavage mode. 
Inasmuch as the unit breaking load, P/A, values are 
related by Equations 1 and 2, to the nominal unit break- 
ing stress, Sy, the values of Sy, in pounds per square 
inch, can be readily computed from the measured P/A 
values. For type D cleavage-tear test coupon described 
below, Sy = 3.925 (P/A), approximately. 

Two steels were selected for detail study of transition 
temperatures. One of these steels is a rimmed steel 
plate, '/. in. in thickness, and the second a semikilled 
steel, also in plate form and 1 in. in thickness, and con- 
taining a relatively higher percentage of manganese 
than the first steel. The chemical and tensile properties 
of these steels are given in Table 1. Both steels are of 
ship plate quality. 

The details of the cleavage-tear test coupons used in 
this investigation are shown in Fig. 1. The “D’’ type 
was used as the standard coupon in the previous as well 


Fig. 1 (A)—Pressed Notch 
Sections Etched to Show Mi- 
crostructures. Both Are Sec- 
tions of 45° Notches, with 0.0015 
In. (Left) and 0.0008 In. (Right) 
Root Radii. Magnification, 100 
diameters. 
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as the present investigations. This test coupon, as is 
noted, is an externally notched rectangular beam, sub- 
jected to combined axial tension and bending stresses, 
the bending being produced by eccentric loading. The 
tensile load is applied by clevis and pin arrangement, 
thereby obtaining the “hinged” type of loading. It is 
believed that this test coupon simulates some of the basic 
loading conditions encountered in service by ships and 
similar structures. The type ‘““DX’’ coupon, also shown 
in Fig. 1, is a notched simple beam, intended for routine 
tests. The span and width of the latter coupon are so 
proportioned as to secure about the same rigidity as in 
the D coupon, in order to obtain comparable results. 
This is accomplished by calibrating the Type DX cou- 
pons against the standard Type D coupon. In both 
types the coupon thickness is the full plate thickness. 
To create a state of multiaxial stress, both coupons are 
notched at the edge, the notching being done either by 
machining or by the pressing method previously de- 
scribed.' Machining can be used for notches with rela- 
tively large root radii, and the pressmg method for 


Table 2—Determination of Effective Rate of Loading and of 
Mode of Fracturing. Data Obtained by a Movie Camera 


Temp. of Test, Temp. of Test, 


32° F.; 130° F 
Applied Tension, Elapsed Time, Elapsed Time, 
Lb. Sec. Sec. 
5,000 
10,000 1.5 1.2 
15,000 99 20 
20,000 3.0 97 
25,000 3.6 3.2 
30,000 4.0 3.8 
35,000 4.6 4.2 
40,000 5.2 47 
45,000 5.8 5.0 
50,000 6.0 5.4 
55,000 6.8 5.9 
60,000 7.9 6.2 
62,000 66 
65,000 7.6 6.8 
67,500 8.0 
70,000 8.0 8.8 
75,000 8.4 10.2 
78,000 9.0 
78,000 10.0* 
80,000 
85,000 13.7 
90,000 16.3 
95,000 20.0 
97,000 95. 0+ 


* Cleavage fracture. 
+ Shear fracture. 
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FRACTURE 
TEMP. = |30°F. 


APPLIED LOAD IN 1000 POUNDS. 


. ELAPSED TIME IN SECONDS. 


Fig. 2—Load Diagram and Manner of Fracturing of Steel at 
32 and 130° F. Type D Coupon with 0.0015 In. Root Radius 


notches with 0.0015 in. or smaller root radii. In Fig. 
1 (A) are shown sections, at a magnification of 100 
diameters, of pressed 45° notches of 0.0015 and 0.0008 
in. root radii, in the etched condition. Previous tests 
have shown that the slight amount of cold work pro- 
duced at the base of the notch by pressing does not appre- 
ciably affect the test results, as compared to the results 
obtained with machined notches. 

The effectiveness of temperature in modifying the 


fracturing characteristics of steels is shown by the test 
data summarized in Table 2, and graphically by Fig. 2. 
The plot labeled ‘‘cleavage fracture’? shown near the 
left-hand margin was obtained by fracturing the test 
coupon at 32° F., whereas that labeled ‘‘shear fracture’ 
was obtained by fracturing the test coupon at 130° F. 
In both cases the Type D coupon was used, with a notch 
of 0.0015 in. root radius. The rate of load applicat:on 
was the same in both cases, it being 2.2 in. per minute 
of cross head separation of the tensile testing machine. 
The same steel was used for both tests, this steel being 
l-in. thick ship plate of rimmed quality, designated as 
Steel 7 previously tested. The data for constructing 
the above chart was obtained by photographing with a 
movie camera the load indicating dial.of the tensile 
testing machine, and simultaneously a running clock with 
a second hand sweep, placed near the above dial. This 
photographic method shows the relation of the change in 
applied load with change in time, giving individual points 
which can be plotted into a chart, as in Fig. 2, the change 
in time being proportional to the deformation produced. 
This method can be used effectively for determining 
transition temperatures, if desired. 

Figure 2 shows that no yielding or appreciable plastic de- 
formation occurs at 32° F., whereas at 130° F. a definite 
vielding occurs in the steel at a load of about 65,000 Ib., 
and that in the latter case shear fracturing results at a 
load of 97,000 Ib. after considerable plastic deformation. 
It is to be noted that the cleavage fracture occurs almost 
within the elastic range of the steel or at a point where it 
is about to pass from the elastic into the plastic field. 
It is likewise to be noted that the unit load required to 
cause fracturing by the cleavage mode is appreciably 
lower than that required to cause fracturing by the shear 
mode, as was expected to be the case. It is apparent then 
that under certain multiaxial stress conditions, such as 
are induced by the presence of a notch of proper geometry 
and orientation, the nominal breaking strength of steel is 
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y Impact Tests at Various Tem 


Table 3—Ch Pp t 
“@tanderd Keyhole Notch Coupons) 


Impact Values in Ft.-Lb. 


Testing 
Temperature, 
>=. Steel 18 Steel 22 
—35 5,6 
— 20 3,6 11, 14, 19 
—10 10, 10 19, 15 
0 18, 24, 17 17,18 
15 
32 23, 18 21, 21 
85 34, 32 29, 24 
Transition Temp.: 5° F. —15° F 


reduced and simultaneously its elastic range is expanded, 
and that the proportional limit almost coincides with the 
breaking strength, if the temperature is below the transi- 
tion temperature range of the steel. However, the ej 
fectiveness of the notch is reduced if the temperature js 
raised above the transition range, in which case the stee! 
fails by plastic deformation and shear. 

The appearance of the fractures obtained at 32 and 
130° F. are shown in Fig. 3. The transition temperature 
of the steel subjected to these tests is about 107° F., as 
determined by previous cleavage-tear tests using Typ 
D coupons with a 45° notch of 0.0015 in. root radius 
It is to be noted that the fracture at 32° F. is entirely 
of the cleavage type, whereas it is entirely of the shear 
type at 130° F. 


Determination of Transition Temperatures by Cleavage- 
Tear Tests 


In order to obtain a basis for comparison, the transi 
tion temperatures of Steels 18 and 22 were determined 
by the conventional Charpy impact tests, using 10-mm. 
square by 2-in. long test coupons, with the keyhole 
notch. In all these tests the fracture was transverse t« 
direction of rolling of the plate. The results are given 
in Table 3 and graphically presented in Fig. 4. Accord. 
ing to these tests the transition temperature of Steel 15 is 
5° F., and that of Steel 22 is —15° F. In above, the 
transition temperature is assumed to be the point of in- 


32°F 
Fig. 3—Appearance of the Cleavage and Shear Fractures 
Resulting from Tests Shown in Fig. 2 
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jection of the energy vs. temperature curve, or the point 
midway between the maximum and minimum energy 
values indicated by that curve, over the temperature 
range covered. 

As has been stated previously, in cleavage-tear tests 
unit breaking loads P/A, change abruptly at the transi- 
‘ion temperature range, the cleavage fractures requiring 
iower unit loads and the shear fractures requiring higher 
unit loads to produce the respective fractures. The 
transition of steel from the cleavage to the shea1 type of 
fracturing, as effected by the temperature of the metal, 
can then be represented by an idealized curve, such as is 
shown diagrammatically in Fig. 5. In this diagram the 
P/A values are the ordinates and the temperature the 
abscissa. For Type DX coupons the total breaking 
load, P, could be used as thé ordinate. The point O is 
the inflection point of the curve, its coordinates being 
P/A)y and To. The curve is symmetrical with respect 
to O, with positive and negative slopes. The equation of 
the curve expressing P/A as a function of temperature, 
T, is as follows: 


40 
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CHARPY IMPACT VALUES 


° 
“60 -40 -20 20 40 #6 100 
TESTING TEMPERATURE, T, IN oF. 


Fig. 4—Transition Temperature Curves of Steels 18 and 22, 
Determined by the Charpy Impact Test, Using the Keyhole 
Notched Coupon 


P 
A G ), + a( 0) 
in which, 
P = Unit breaking load at temperature T. 
A 
* = Unit breaking load at point of inflection. 
A}y 
T> = Temperature for point of inflection, or the 
theoretical transition temperature. 
aand 6 = Constants for a given steel and test condi- 
tions*. 


The transition temperature range is within the tem- 
perature limits of 7; and 7». The corresponding unit 
breaking loads are (P/A), for cleavage fracturing, and 

* According to the experimental data, the exponent b for the steels tested 
‘Ss 4 rational number and quotient of two add integers, so that the term (7 — 


To) yields a real and negative value if 7 <7». Otherwise, Equation 4 would 
only apply to cases where T > To, the corresponding equation for T < To, 


being: 
P 
- 


SHEAR 


UNIT BREAKING LOAD 


CLEAVAGE 


To Te 


TEMPERATURE 

Fig. 5—Cleavage-Tear Test Diagram Showing Transition 

from Cleavage to Shear Mode of Fracturing, by Change of 
Temperature 


(P/A).for shear fracturing. If 7 is higher than 7), shear 
fractures occur, whereas if 7 is lower than 7) cleavage 
fractures occur. The degree of scatter within the transi- 
tion range is dependent, in general, on the accuracy and 
reproducibility of the test conditions and on the indi- 
viduality of the steel. 

Experimental evidence indicates that the diagram 


Table 4—Determination of Transition Temperature Range 
of Steel 18 by Use of Test Coupon Type DX 


Pressed Notch: 45°, */,-In: Deep, with 0.0015 In. Root Radius 


Transition Temperature JT) = 105° F. 


Testing 
Temperature, 
Breaking Load, Lb. Fracture 
50 64,000— 65,000 Cleavage 
75 64,000— 66,000 Cleavage 
90 64,000-— 65,000 Cleavage 
100 67,000— 73,000 Cleavage 
110 101,000-103,000 Shear 
120 100,000-102,000 Shear 
130 102,000-—103,000 Shear 
140 102,000—104,000 Shear 
150 100,000-102,000 Shear 
120 
Vv >< 
100 
y= 
a 
— 
eo 
50 
40 
40 60 80 100 120 140 160 


TESTING TEMPERATURE, T, IN °F 


Fig. 6—Transition Curve for Steel 18. Type DX Coupon; 
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Notch Root Radius of 0.0015 In. 
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Temperature Range 
Steel 18: 1 In. Thick; Fracture Transverse to Rolling Direction 


of Plate. Test Coupon: Type D, with Root Radii Indicated. 
To = Transition Temperature 
Test Aver- Com- 
Temp., Experimental age puted 
’F. P/A, psi. P/A, psi. P/A, psi. Fracture 
(a) Notch Root Radius = 0.039 In.; 7) = 82° F. 
32 ~=—-18,000, 18,600, 18,800 18,500 Cleavage 
70 ~=17,500, 17,700 17,600 Cleavage-shear 
72 17,700, 18,200 17,900 Cleavage-shear 
75 17,600 Cleavage-shear 
80  ~=17,400, 17,700 17,500 Cleavage-shear 
85 17,700 17,700 Shear 
95 17,600 17,600 Shear 


(6) Notch Root Radius = 0.0015 In.; 7) = 105° F. 


32 ~=12,000, 12,100 12,050 12,000 Cleavage 

70 12,300 12,050 12,200 Cleavage 

90  ~=11,800, 13,300 12,500 12,650 Cleavage 

95 138,500 13,500 12,700 Cleavage 
100 12,300, 15,300, 16,500 14,700 12,800 Cleavage-shear 
105 12,500, 13,200, 14,300 13,300 14,500 Cleavage-shear 
110 ~=—:15,000 15,000 16,000 Cleavage-shear 
115 15,500, 16,500, 16,700 16,200 Shear 
130 =©16,400 16,400 16,400 Shear 
186 = 17,100 17,100 16,900 Shear 


(c) Notch Root Radius = 0.0008 In.; Ty) = 125° F. 


32 11,600 11,450 11,450 Cleavage 

72 12,000 12,000 11,700 Cleavage 

80 =: 11,500 11,500 11,750 Cleavage 

100 11,700, 12,100 11,900 12,000 Cleavage 

120 = 12,000, 12,500, 15,800 13,400 12,400 Cleavage-shear 
130 =13,300, 15,000, 15,600 14,600 15,600 Cleavage-shear 
140 15,000, 16,300 15,600 15,900 Cleavage-shear 
150 15,200, 15,400, 15,800 15,500 16,050 Shear 
186 16,700 16,700 16,350 Shear 


shown in Fig. 5 represents fairly accurately the transition 
of steel from cleavage to shear type of fracturing, so far 
as the cleavage-tear test is concerned. The curves in 
Figs. 6 and 7, which are based on experimental data, 
conform very closely to the above diagram. Figure 6 
is the transition curve for Steel 18, determined by the 
use of Type DX coupons and Fig. 7 is that for the same 
steel determined by the use of Type D coupons. The 
test data from which Figs. 6 and 7 were constructed are 
given in Tables 4 and 5. The notch geometry used for 
both above types of coupon was the same, the notch being 
the pressed type, its angle being 45°, its depth */1 in. 
and its root radius 0.0015 in. The fractures in both 


UNIT BREAKING LOAD, £, 1000 PSI. 
NOMINAL BREAKING STRESS, S,,'N 1000 PSI. 
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Fig. 7—Transition Curve for Steel 18. Type D Coupon; 
Notch Root Radius of 0.0015 In. 
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Table 5—Effect of Notch Root Radius on the Transition 
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BREAKING STRESS, 1000 


UNIT BREAKING LOAD, £, IN 1000 PSI. 


NOMINAL 


TESTING TEMPERATURE, T, IN °F. 

Fig. 8—Shifting of Transition Temperature by Changing 
Notch Root Radius. Steel 18; Type D Coupon. Notch Root 
Radii: a = 0.039 In; b = 0.0015 In; c = 0.0008 In. 


cases were transverse to rolling. It is apparent from 
above figures and test data that the transition tempera- 
ture as well as the transition temperature range of Stee! 
18 determined by the above two types of test coupon are 
essentially the same, in both cases the transition tempera- 
ture, To, being 105° F. for the notch geometry used. It 
is also apparent that the Type DX coupon can be used 
for determination of transition temperatures, with satis- 
factory results, especially for routine test work. The 
latter type of coupon is essentially a nick-break test 
coupon regularly used at steel mills, except in the detail 
of notching, and is considerably cheaper to prepare than 
the standard impact test coupon. 


Effect of Notch Root Radius on Transition Temperatures 


In the paper cited’ it is stated that the transition range 
of a steel cannot be defined w.thout defining the state oi 
stress. The state of stress in the cleavage-tear tests is 
defined by the root radius of the notch used, other con- 
ditions being the same. In view of the very important 
aspect of the transition characteristics of a steel on its 
serviceability, quantitative determinations were made 
on Steels 18 and 22. A series of tests were made on both 
steels using Type D coupons. In each series, notches oi 
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TESTING TEMPERATURE, T, IN °F. 
Fig. 9—Shifting of Transition Temperature by ng we 
Notch Root Radius. Steel 22; Type D Coupon. Notch Root 
Radii: a = 0.039 b = 0.0015 c = 0.0008 In. 
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able 6 Effect of Notch Root Radius on the Transition 
Temperature Range 


Steel 22: | 2 In. Thick: Fracture Transverse to Rolling Direction 


{ Plate. Test Coupon: Type D, with Root Radii Indicated. 
= Transition Temperature 
Test Aver- Com- 
femp., Experimental age puted 
oF. P/A, psi. P/A, psi. P/A, psi. Fracture 
(a) Notch Root Radius = 0.039 In.; To. = 67° F. 


55  16,700-17,000 17,850 Cleavage-shear 
60 16,700 16,700 Cleavage-shear 
63  16,500-17,300 16,900 Cleavage-shear 
70 16,300 16,300 Shear 

88 17,300 17,300 Shear’ 

(b) Notch Root Radius = 0.0015 In.; = 92° F. 

32 ~=12,700-13,000 12,850 12,850 Cleavage 

40 13,100 13,100 12,900 Cleavage 

60 ~=13,000 13,000 13,000 Cleavage 

70 12,800-13,100 12,950 13,200 Cleavage-shear 
85 13,300-13,000 13,150 13,225 Shear 

100 15,000-15,300 15,150 15,100 Shear 

120 15,600 15,600 15,300 Shear 

(c) Notch Root Radius = 0.0008 In.; = 105° F. 

32 ~=12,300,13,000 12,650 12,600 Cleavage 

68 12,700 12,700 12,800 Cleavage 

80 ~=—: 18,000 13,000 12,850 Cleavage 

100 13,500 13,500 12,950 Cleavage-shear 
110 15,000-15,200 15,100 14,950 Cleavage-shear 
120 14500-15,000 14,750 15,000 Shear 

130 15,100-15,000 15,050 15,050 Shear 

180 15,100 15,100 15,250 Shear 


a given root radii were used for determining transition 
temperatures, the notches and root radii used being: 
a) drilled keyhole notch of 0.039 in. root radius; (0) 
pressed notch of 0.0015 in. root radius and (c) pressed 
notch, with a root radius of 0.0008 in. In series (b) and 
c) the notch angle was 45°. In all cases the fractures 
were transverse to direction of rolling of the plate. 

The results of above tests are summarized in Tables 5 
ind 6, and graphically presented in Figs. 8 and 9. 
These data show that the drilled notch of 0.039 in. root 
radius shows no consistent difference in the unit breaking 
loads as the steel passes through the transition tempera- 
tures, the P/A vs. temperature plot for this notch is 
ipproximately a straight line. The transition tempera- 
ture could only be estimated by examining the fractures, 
or the mode of fracturing. This is evidently due to the 
lact that the initial fractures obtained in such a notch 
ccur essentially by shear. However, the above figures 
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Fig. 10—Logarithmic Plot, Showing Transition Temperature 
as a Function of Notch Root Radius 


show that a sharp change occurs in the P/A values with 
the use of notch root radii 0.0015 and 0.0008 in., as the 
steels pass through the transition range. 

It was found that the variation-in the unit breaking 
loads through the transition temperature range could 
be expressed by equations similar to Equation4. Follow- 
ing are the equations for the transition curves of Steels 
18 and 22, expressing P/A as a function of 7 for notch 
root radii of 0.0015 and 0.0008 in., in Type D coupons: 


Steel 18 


Root radius 0.0015 in: 


P/A = 14,300 + 1300 (T — 105)" (5) 
Root radius = 0.0008 in.: 

P/A = 13,800 + 1300 (JT — 125)’ (6) 
Steel 22 
Root radius = 0.0015 in.: 


P/A = 14,150 + 700 (T — 92)” (7) 
Root radius = 0.0008 in.: | 
P/A = 13,950 + 700 (T — 105)'” (8) 


The P/A values computed by above equations and 
included in Tables 5 and 6, agree fairly well with the ex- 
perimental values. Although in above equations the 
exponent for the term (7 — T7>) is '/; for both steels, 
previous work has indicated that this exponent as well 
as the other constants can be different for different steels 
of the same thickness or for the same heat of steel in dif- 
ferent thicknesses. As stated previously, the nominal 
unit breaking stress, Sy can be approximately evaluated 
for each case by multiplying the above equations by the 
factor 3.925. 

It is clearly evident from the test data given in Tables 
5 and 6 and Figs. 8 and 9 that the transition temperature 
ranges of both steels are actually shifted by changing the 
notch root radii. It is also apparent that the smaller 
the notch root radius the higher is the corresponding 
transition temperature, other conditions being equal. 
The question then arises: How can the trans tion tem- 
peratures be related to service conditions and which 
transition temperature would have practical significance? 
The smallest root radius of a notch that is encountered 
in service is obviously the root radius of a cleavage crack. 
Therefore, it appears logical and safe to assume that the 
transition temperature that will have any practical 
significance would be the transition temperature corre- 
sponding to a notch with a root radius equal to the root 
radius of a cleavage crack. On above basis, all transi- 
tion temperature determinations should be related to the 
transition temperature corresponding to a root radius of 


Table 7—Effect of Change in Notch Root Radius on Transi- 
sition Temperatures 


Transition Temperatures — ° F 
Steel 18, 1 In. Thick Stee] 22, '/, In. Thick 
Notch Root Experi- Com- Experi- Com- 
Radius, In. mental puted 7./7)* mental puted 7./7)* 
3.9 X 107? 5t —15f 
3.9 X 107? 82 82 0.858 67 60 0.844 
15X10-* 105 109 0.823 92 97 0. 806 
8 xX 10-¢ 125 118 0.795 105 103 0.787 
3X 10-* 210t 0.697 168t 0.708 


* In computing the ratios 7/7) the transition temperatures, 7, 
and 7», in degrees Rankine (° F. absolute) were used. 

+ Transition temperatures, 7., determined by the Charpy impact 
test using the standard test coupon with the drilled keyhole notch 
of 0.039 in. root radius. For Steel 18, 7, = 464° F. absolute and, 
for Steel 22, T, = 444° F. absolute. 

¢ Transition temperatures found by extrapolation, correspond- 
ing to a notch root radius of 3 X 10~° (cleavage crack). 
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a cleavage crack, in order to be able to relate them with 
service performance. 


Transition Temperatures Under Service Conditions 
and Their Correlation with Tests 


The transition temperatures of Steels 18 and 22, cor- 
responding to the root radii tested, are tabulated in 
Table 7. From the latter data the logarithmic plot 
shown in Fig. 10 was constructed. The abscissa is the 
notch root radius, and the ordinate the ratio T./T»>. 
The symbol 7, designates the transition temperature 
on the absolute temperature scale in ° F., determined by 
the standard Charpy impact test with 0.039 in. radius 
keyhole notch; 7) designates the transition temperature 
found by the use of the Type D coupon with a notch of 
R root radius, on the same temperature scale. 

-It is to be noted from Fig. 10 that the three points for 
each steel, corresponding to the three root radii and transi- 
tion temperatures, fall approximately on a straight line. 
By extending these lines to a root radius of 3 X 10~, 
which is approximately the dimension of the root radius 
of a cleavage crack, the transition temperatures for the 
two steels corresponding to notches of cleavage crack 
dimensions were estimated. These temperatures are 
approximately 210° F. for Steel 18, and 168° F. for Steel 
29 


The equation which expresses the relationship between 
the notch root radius and transition temperatures deter- 
mined by the cleavage-tear and Charpy tests appears to 
be of the following general type: 


A Ly 9 
-1 (9) 


Transition temperature, in ° F., absolute, 
determined by the Charpy impact test, 
using the keyhole standard notch. 

To = Transition temperature, in ° F. absolute, 

determined by Types D or Dx cleavage- 
— test coupon witha notch root radius, 

in. 

Constants for a given steel and test condi- 
tions. 


From the data of Table 7 the numerical values of the 
above constants were found for both steels, substitution 
of which in Equation 9 yielded the following equations: 


C and d 


Steel 18 

1 0.081 

= 10 

+ 0.110(z) (10) 
Steel 22 

0.071 
+ 0.124 =1 (11) 
A R 


The transition temperatures computed by Equations 
10 and 11 are listed in Table 7, in ° F. and, as is noted, 
agree reasonably well with the experimentally deter- 
mined transition temperatures for the different notch 
root radii. 

The above equations show that the temperature at 
which a given steel changes from shear to cleavage type 
of fracturing is determined by two main factors. The 
first factor is inherent in the steel, it is the character, in- 
dividuality or quality of the steel. This factor can be ex- 
pressed by an arbitrary or relative index obtained by the 
conventional impact tests, such as the Charpy impact 
test. The second factor is the state of stress to which 
the steel is subjected, the increase in stress concentra- 
tion being proportional to the reciprocal of the notch 
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root radius used, with other test conditions being the 


same. Toexpressabove mathematically, Equation 9 cay 
be written in the following form: © BB pected 
veratult 
T =T.+T, 2) 
1 oerattl 
in which, 7, = (z) , and the definitions of 7,, 7 
C, R and d are the same as in Equation 9. The term 1 ywaliti 
can be considered as being the temperature correctio, Mo! “le 
term to compensate for the state of stress produced py gggeomti2 
changing the geometry of the test coupon and note, ggnigh™ 
from those of the Charpy coupon. This temperatyr. gggstuct 
correction is to be added to 7, in order to obtain ¢h are his 
transition temperature, 7), corresponding to the gggthe 10 
coupon and notch geometry used. It appears that 7. \d 
practically independent of the quality of the steel, hy, qjjwnch 


f cle 
tain h 
factor 


being a function of stress is somewhat dependent on th 
thickness of the steel. The value of T, is also dependent 
on the thickness of the steel, and on the direction and |p. 
cation with respect to thickness from which the Charpy 
test coupons are cut. No standard size Charpy test 


coupons can be obtained from material less than aboy 


th: 


'/ in. in thickness, and subsize coupons have to be used {itior 
on thinner materials. Additional data are, therefore leav: 
required for evaluating the quantitative effect of thick. J 
ness and of direction of fracturing on transition tempera. PC" 
tures and on the relationship expressed by Equation 12. pte 


leav 

(d) 
veld 
to el 
pecia 


In this investigation, all Charpy test coupons were cut 
from the mid-section of the thickness, and in the direc 
tion parallel to rolling so that the fractures were trans. 
verse to the rolling direction of the plate. 

The numerical value of T, corresponding to Types D 
and DX coupon with R = 0.0015 in. is 100° F. for Steel 
18, and about 107° F. for Steel 22. Tests previously 
made on 1-in. thick steel plates of a rimmed, a titanium- 
deoxidized and two semikilled grades, have shown that 


the value of T, is within the range of 85-100° F. for all B® * 
above steels with Type D coupons and R = 0.0015 in. °™ 
The validity of Equation 12, within above limits, ap a 

also 


pears, therefore, to be supported by these data. With 
a cleavage crack as the notch, the computed values oi 
T, are 205 and 183° F. for Steels 18 and 22, respectively. 


Discussion 


It is apparent from above that the relative index of 
quality alone, determined by impact tests, is insufficient 
to indicate the actual performance of a steel in service. 
It is also apparent that the transition temperatures 
found by the Charpy impact test with the keyhole notch 
coupon are about 200° F. lower than those prevailing 
under service conditions, where discontinuities or small 
cracks may act as the notch. In welding rigid sections, 
preheating to above about 200—400° F. is often found to 
be a material help in preventing cracking. Granting 
that preheating modifies the heat gradient, it appears 
that the modification of the heat gradient alone does not 
explain entirely as to why the cracking tendency o! 4 
steel is minimized by this preheating. The high value 
of the term 7, in Equation 12 discussed above, offers a 
better and supplementary explanation. In other words, 
preheating to above about 200° F. (this temperature may 
be different for different steels and for different thick- 
nesses), keeps the steels above the transition tempera- 
tures prevailing in rigid structures, and thereby enables 
them to stretch for adjusting stresses, rather than to 
crack. In rigid or thick sections, some small defects 
and multiaxial stresses may be produced by welding, 
which act as a notch. 

It follows from the above discussion and data that the 
actual transition temperatures in service of most if not 
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the 


ion 9 1 commercial steels, in the as-rolled condition, are ex- 
Can al 


ected to be considerably higher than atmospheric tem- 
‘eratures. Therefore, the possibility appears to exist 


capable of determining transition temperatures and sus- 
ceptibility of steels to cleavage fracturing. The transi- 
tion temperature of a given steel is not a fixed tempera- 


12 ‘hat monolithic structures operating at atmospheric tem- ture; it can be shifted from one level to another by 
me: veratures and built of steels conforming to our present changing the notch root radii. Within certain limits, 
tT, 7, ~secifications for ordinary ship plate and pressure vessel the transition temperatures determined by the cleavage- 
term 7 walities may suffer severe damage through development _ tear test can be correlated with those determined by the 
rection, Imo! cleavage fracturing, if relatively small cracks, dis- conventional Charpy-impact test. The transition tem- 
luced by gageontinuities or notches, or a multiaxial state of stress of peratures determined by the above tests can also be corre- 
dnote) Iaghigh intensity were present in the critical sections of such lated with service conditions, if it is assumed that under 
perature structures, especially in cases where the service stresses service conditions the controlling notch geometry is de- 
tain the mere high. To eliminate or at least minimize this hazard, termined by the radius at the base of a small cleavage 
the tec following remedial measures could be considered : crack, 
hat Tis (a) Use for construction of critical sections a steel 2. Failures of monolithic structures in service appear 
teel, by: fggwhich possesses the necessary resistance to development in most cases to originate from small defects or discon- 
it on the { cleavage fractures under the service conditions. Cer-  tinuities, the latter acting as a notch. It is estimated 
penden; fggtain heat treatments may be necessary to impart satis- that the presence of a small cleavage crack or a similar 
1 and |p. ggactory toughness to steel for resisting cleavage fractur- discontinuity in certain orientations reduces the tensile 
Charpy JN. ” , strength of steel by about 60% and that it also raises the 
PY. test (b) Increase the factor of safety for critical sections, transition temperatures of steels considerably above 
n aboyt fggpo that the maximum unit load imposed by service con- atmospheric temperatures. Analyses of service failures 
be used Iggiitions is lower in all cases than that required to initiate and other data seem to confirm above findings. 
1erefore fapeleavage fracturing. 3. Several remedial measures are suggested for elimin 
f thick. (c) Incorporate in the design of such structures a suf- ating or minimizing in monolithic structures the possi- 
empera. ficient number of “crack arrestors,”’ such as perforated _ bility of development of large cleavage cracks from small 
tion }) [plates or members capable of arresting the progress of defects or discontinuities that may be present. It ap- 
vere cyt apleavage cracks. pears unsound to assume that the latter may be entirely 
1 direc. (d) In conjunction with above, modify the design, absent in all cases. These measures include modifica- 
e trans. Igpvelding details, and workmanship where necessary, so as_ tions of design, welding details and material specifica- 

to eliminate stress-raisers and notches of all types, es- tions. Adjustments of service and loading conditions 
‘ypes [) pecially in the critical sections of the structure. Pre- should also be considered, with the object of eliminating 
Or Stee} heating should be resorted to, especially in welding of the excessive stressing. 
viously ngid or thick sections. : , Note During presentation of this paper several charts, photo 
fanium- The above remedial measures can be applied singly or graphs and test data were introduced to further illustrate certain 
vn that - combination with each other, depending oa the degree deductions. These are contained in the paper referred to as 
- for all . salety that could be justified from practical and €CO- Reference 1, and which is published in this issue, pp. 97-s 
015 in, M_xomical standpoints. Adjusting service and loading 
its, ap onditions, so as to minimize excessive stressing, should 
With also be considered. References 
ues of 
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TRANSITION TEMPERATURES OF MILD STEELS 


Some New Aspects of the Fatigue of Metals 
Brought Out by Brittle Transition 
Temperature Tests 


Abstract 


Experiments are described in which the 
effect of prior cycles of fatigue on the 
brittle transition temperature and on the 
brittle fracture strength are determined 
for an S.A.E.-1020 steel. Notched fatigue 
specimens were fractured at the appropri- 
ate transition temperatures in a special 
slow-bend testing machine at controlled 
strain rates after being subjected to vari- 
ous numbers of cycles of fatigue at several 
stress levels. It was found that as the 
number of cycles at a given stress level 
(both above and below the endurance 
limit) increased, the brittle transition tem- 
perature increased through a broad range 
of temperatures, and the brittle fracture 
strength decreased greatly. 


Analytical expressions were formulated 
to express the relation between the transi- 
tion temperature and the number of prior 
fatigue cycles. These indicated the prob- 
ability that the brittle transition tempera- 
ture increases with the number of cycles 
until it reaches the temperature of the 
fatigue test when a fatigue fracture results. 

An analysis of the possible causes for 
the large effects found suggested the tenta- 
tive conclusion that strain hardening and 
aging during the fatigue test were respon- 
sible 

The results of these tests may serve to 
explain certain recent brittle failures 
under low energy loads in service. 


* Submitted to ees Research Council for 
publication Dec. 30, 1947. 

T Professor of Applied Mechanics and Research 
Engineer, respectively, Mechanical Engineering 
Department, Massachusetts Institute of, Tech- 
nology, Cambridge, Mass. 


By C. W. MacGregort and N. Grossmant 


Introduction 


HE transition from ductile to brittle 

fracture in metals is widely recog- 
nized today as a problem of first order 
importance. Brittle fractures occur under 
oscillating stresses in fatigue, in some nor- 
mally ductile metals at elevated tempera- 
tures under steady stresses, and even 
under very slowly changing stresses in 
other metals classed as nermally ductile, 
provided an insidious combination of bi- 
or triaxial stresses, strain rates and tem- 
peratures exists. 

The essential characteristic of all brittle 
failures is low energy absorption with at- 
tendant loss of ductile behavior. It rarely, 
if ever, occurs in practice that no plastic 
deformation’ precedes so-called brittle 
fracture. Macroscopically, the fracture 
commonly reveals little if any over-all 
permanent deformation, at least to the 
degree of accuracy of measurement usually 
employed. Microscopically, however, 
there is in most cases some evidence of 
plastic flow. From a purely pragmatic 
standpoint, due to the loss of capacity of 
the metal to absorb energy, it is not par- 
ticularly important if the fractures, gen- 
erally classed as brittle, are not truly so. 

In determining the degree of suscepti- 
bility of brittle fracture for many stable 
metals, it is the authors’ view that, aside 
from the presence of stress, probably the 
most important single entity, indeed per- 
haps the sine qua non in many cases, is 
the position of the transition temperature 
for brittle fracture relative to the service 
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the absorbed energy in the standarj 
Charpy impact test as the testing temper, or 
ture is lowered is a simple illustration ax 
the importance of this transition tempera i 
ture. The transition temperature 
greatly affected by various factors such of be 
the state of bi- or triaxiality of the stresses sede 
strain rate, cold-work, strain aging, grait — 
size, carbon content, heat-treatment, 
loying additions, state of de-oxidatio; a 
phase changes, precipitation, etc. Table aia 
lists the general direction of the influence 
on the transition temperature of sever) 
mechanical and metallurgical factors whic 
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pected with future experimental results the 
Consequently, although Table 1 should dis 
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factors are known to a reliable extent. As 

an illustration, the quantitative relation get 

of the degree of biaxiality, low tempera 

ture and strain rate to produce brittle 3°/ 

fracture has been demonstrated recently 16. 
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Table |—Effect of Various Factors on the Brittle Transition Temperature 


Increasing size of specimen (within limits) 


t 
| Change in 
| Brittle 
| Transition 
| Temp. Mechanical Factors References Metallurgical Factors References Y 

Increases |Increasing triaxiality C = Increase of strain aging 
max. 

Increasing strain rate 2, 3 Increase of grain size ” | 


(less than 5% prestrain) 
men 


specimen 


Increasing tensile prestrain on unnotched specimens 
Increasing compressive prestrain on unnotched speci- 


Increasing tensile prestrain on subsequently notched 


Increase of carbon content il 


(greater than 5°% prestrain) 


Increasing tensile prestrain on unnotched specimen 


. Proper quenching and tempering 
Normalizing (as compared to as-rolled) i ; 
Certain alloying additions such as nickel mt 
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tion (1) o1, 8 and o; are the principal 
stresses, and @max. the largest value of 
these stresses. 

Brittle fractures have occurred in prac- 
tice where the part was subjected to some 
vibratory or oscillating stress, not sufficient 
to cause a fatigue failure, and where no 
“typical fatigue” fracture resulted. Fail- 
ures sometimes ensued under transient low 
energy loads, adequately sustained in the 
earlier service life of the part. While it is 
possible that the factors listed in Table 1 
may be sufficient in themselves to account 
for many failures of this type, it is not 
known whether the oscillating or fatigue 
stresses influenced the transition tempera- 
ture. Thus, a lack of knowledge of this 
variable renders the diagnosis of such fail- 
ures incomplete and possibly misleading. 
As far as the authors are aware, no in- 
vestigations have been reported in the 
literature in which this problem has been 
studied. Since the special slow bend test 
under controlled temperature and strain 
rate used at the Massachusetts Institute 
of Technology is particularly well suited 
for this problem, a preliminary study was 
carried out to determine the influence of 
prior cycles of fatigue stress on the brittle 
fracture characteristics and is described 
in the following. 


Material and Specimens 


The material used in the investigation 
was S.A.E.-1020 semikilled steel supplied 
in hot-rolled rod form, '/. in. in diameter. 
The original 1*/,-in. billet was taken from 
the third cut from the top, after normal 
discard was made, on a 22- x 25-in. open- 
top ingot. The billet temperature was 
2090° F. and finished at 1890° F. The 
chemical analyses are listed in Table 2 to- 
gether with the routine physical properties. 

The '/2-in. diam. rod was then cut into 
3°/,-in. lengths and fully annealed at 
1650° F. for '/2 hr. The Vickers Hardness 
of the annealed material was between 95 
and 103. Photomicrographs are included 
in Fig. 1. 

Fatigue test pieces were then machined 
from the annealed material to the dimen- 
sions shown in Fig. 2. The surface of the 
specimen exclusive of the notch was fin- 
ished with No. 0 emery cloth. The notch, 
situated in the center of the test piece, 
was turned with a special profile lathe 
tool, the dimensions of which were care- 
fully checked on a profilometer both before 
and after hardening. Care was also taken 
to eliminate any transverse scratches in 
the notch by spinning the test piece in a 
lathe between centers and polishing the 
notch with a fine emery thread. The 
radius of the thread was less than the 
radius of the notch. The thread was 
moved in such a direction that it removed 
the circumferential scratches and left only 
very faint axial scratches. The dimen- 
sions of the finished specimens were 
measured to four significant figures on the 
profilometer. 


A notch was used in the fatigue speci- 
mens in place of a uniform specimen in 
order to locate accurately the failure posi- 
tion in both fatigue and slow bend tests 
and to insure brittle fracture within the 
limitations of the slow bend apparatus. 
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Table 2—Chemical Analyses and Physical Properties 


Chemical Analyses 


prior to the slow- 
bend brittle transi- 
tion temperature 
tests varied from 


Grain 200 to 2,000,000 de- 
Cc Mn P Ss Al Size pending on the 
Ladle 0.21 0.52 0.015 0.087 0.10 2-5 stress level. Im- 
Check 0.23 0.55 0.011 0.40 0.09... mediately following 
Specimen 0.27 0.57 0.020 0.943 0.08 None the period of fatigue 
tressing to a pre- 

Physical Properties : 
gon determined number 
ong. tiong. eduction of cycles, the speci- 
Y. P. T. S. In. In. of Area Bend mens were removed 
44,280 psi. 65,470 psi. 35.0% 25.0% 66.5% Flat from the fatigue 


machine and placed 


Apparatus and Testing Procedure 

A standard low-speed R. R. Moore 
Fatigue Machine was employed to sub- 
ject the specimens to cyclic loading. The 
S-N curve was first established. Three 
nominal stress levels were then selected 
to study the effects of cyclic loading on the 
brittle transition temperature. These 
were 35,000, 26,000 and 20,000 psi. The 
endurance limit for the notched specimens 
of this material was found to be 22,500 psi. 
Consequently, stress levels were investi- 
gated both below and above the endurance 
limit. The number of cycles to which the 
specimens were subjected without failure 
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in dry ice to inhibit 
any further strain 
aging before the slow bend tests. 

To determine the effect of the cycles of 
fatigue stressing on the brittle transition 
temperature, the specimens were then 
tested in a special slow-bend testing ma- 
chine under controlled strain rate and 
temperature. The specimen was simply 
supported at the ends and loaded at the 
center over the notch by means of this 
special apparatus. Thus, the notched 
specimen which was previously subjected 
to a predetermined number of cyclic 


stress reversals could be tested in simple 
bending without any subsequent machin- 
ing of the surface which would destroy or 
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Fig. 1—Photomicrographs of the Steel Tested. 3% Nital Etch. Magnification, x 100 
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Fig. 2—Dimensions of Specimen 


EFFECT OF FATIGUE ON TRANSITION TEMPERATURE 
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by the fatigue tests. 

The special slow-bend test equipment 
has been described in detail previously® 
and only a very brief discussion of this is 
included herein. The testing equipment 
is designed to load a specimen in simple 
bending at a given uniform speed and 
temperature and to supply a load-deflec- 
tion record of the test. AB-7, SR-4 elec- 
tric strain gages connected in a bridge cir- 
cuit are used to measure both the load and 
deflection. The integral parts of the ap- 
paratus include the loading machine with 
strain gages, the thermocouple and milli- 
voltmeter, stop watch, electronic recorder 
and a still camera. 

The loading device is a lever system 
which transmits the load to the specimen 


SN CURVE SHOWING LOCA- 
TION OF PRIOR CYCLES OF 
~, \ FATIGUE FOR BRITTLE 
TEMPERATURE TESTS 
ww 
af 
zu 
= 
30000} 
} 
1000 10,000 100,000 [000,000 
NUMBER OF CYCLES-N © FRACTURE POINT 
STRESSING WITHOUT FATIGUE 
FAILURE 
Fig. 3 
seriously affect the conditioning produced resting on a suitable support.. The sup- 


port, specimen and electric strain gages 
are housed in an Aminco ‘‘Sub-zero Test 
Cabinet.”’ The cabinet can be cooled to 
— 100° F. by forced circulation of dry ice, 
and the specimen can be further cooled by 
pouring liquid nitrogen around it. 

The time of testing is measured either 
by the axis of the electronic recorder 
which places a “‘dot’’ on the load-deflec- 
tion record at regular time intervals, or 
by a stop watch at the slower speeds. 

An a.-c. bridge system is employed 
whereby a 5500-cps. voltage is introduced 
into the load bridge and the deflection 
bridge with the resulting unbalance from 
loading or deflecting detected, amplified 
and transmitted toa 3FPI tube. A record 
is made with a still camera. The load 


IN/SEC 


bridge and the deflection bridge COntair 
an AB-7, SR-4 strain gage in each of 1, 
four arms. 


Test Results 


The S-N curye for this material 4, Spec 
notched specimen is shown in Fig. 3. No. 
included in this figure are points jy 44, 
fori of triangles representing the numb, 
of cycies of fatigue stressing given to th, _—- 
specimens at the stress levels 35,000 ay, 3 
26,000 psi. prior to the slow-bend brit, ut 
transition temperature tests. Figure 4 oa 
includes typical linear relations betwee. 3 
the logarithm of the deflection rate ay — 
the reciprocal of the absolute testing pe. 
temperature for the notched specimen arg 
subjected to different numbers of prig -— 
cycles of fatigue at the nominal stres — 
level of 26,000 psi. and obtained from th. 
slow bend tests. Only two deflection rate — 
were chosen since it had been well estab. Le 
lished previously that the logarithin of th mal 
deflection rate is a linear function of th —_ 
reciprocal of the absolute testing temper, 
ture for metals of this type and in thes ‘yet! 
temperature ranges.” * 

Table 3 summarizes the data obtained — 
in the experiments. —— 


Relation Between the Number of Pric: 
Cycles of Fatigue and the Brittle Transitior 
Temperature 


It will be found of considerable assis) 
ance in the interpretation and evaluatior 
of the significance of the data of Tabl 
to formulate an analytical relation betwee: 
the number of cycles of prior fatigu 
the brittle transition temperature. A clos 
examination of the data reveals that 
simple hyperbolic equation of the typ 


xy = K appears to exist where x = log 
N 

and y = 
N 


iNy 1 
Hence [108 ‘| ~ | =K 
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Fig. 4—Deflection Rate vs. 1/T for Notched Specimens in Slow 
Bend Test Previously Numbers of Cycles 
at 26, si. 
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Fig. 5—Relation Between the Number of Prior Fatigue Stress 


Cycles N and the Brittle Transition Temperature T 
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Table 3—Summary of Data 


(Endurance Limit - 22,500 1bs/in’ ) 
(1) (2) 72) (5) (6) (7) (8) (9) 
Spec. oO. rans. rans. Deflect, Fracture | Nominal 
No. of Temp. Temp. Rate 5 pA dod log AN; Load Fracture 
cycles 6 °F T°F(Abs.] in/sec T T oN P tis) Stress , 
Group - li, Nominal Fatigue stress Level - 25,000 lbs/ine Yi =1. 794) 
0 | 310 0.257 0.00322 0 co | 750 | 297,000 
200 -145 315 0.265 0.00318 | 6.000045 “| 2.4713 570 226,000 
— 2 | 1350 130 330 0.256 | 1,641@ | --- 
3, | 13,800} -79 | 0,239 0.00262 | 0,00060 0.6324 420 166, 500 
[30 | 13,800] -150___| 310 _0,00266 | 0.00322 | 0.000995 20 | 166, 500 
| 20,200] ‘58 _ 402 0.253 0.00249 | 0.000732__| 0.4669 
24,000] = 35 | 425 | 0.286 0.00235 | 0.000867 0.3922 | 294 :116,500_ 
33,000 + 70 530 0.00189 | 0.00134 0.2538 Fatigue | Frecture 
iow Group - II, Nominal Fatigue Stress Level - 26,000 lbs/in* (Avg. Yi = 2.263) 
200 -150 310. 0.272 | 0.00322} O | 3.5159 | 512 | 206,C00 
8,500]. -135 | 325 | 0,236 | 0.00308] 0.c00145 | 1.8876 | 259 182,000 
85,000 | - 80 | 380 | 0.256 | 0.00263| 0.000590 | [382 [151,200 
59 127,000{| | 400 | 0.234 | | 0.7128 | 304 | 120,500 
150,000 - 52 408 0.243 0.00245] 0.000770 | O.€408 [ === 
290,000 + 70 530 0.00134 | 0.3526 | Fatigue [Fracture 
Group - lll. Nominal Fatigue Stress Level - lvs/in® (Avg. = 1.627) 
0 -220 240 {0.00328 | 0.00417}; O | 845 335,000 
| 64 200 240 [0.00284 | 3.3729 720 285,000. 
€ 8, 500 -210 250 |0.C0268 | 0.00400] 0.00017 | 1.7444 725 287 ,000 
85,000 ~167 293 [0.00204 | 0.00341] 0.00076 247,000 
60 127,000 -152. | 308 | | 0.5701 | | 
61] 150,000] -145 315 10.00251 0.00318 | 0.c00995 | 0.4980 550 218,000 
65 196,100 -117 343  |0.00278 | 0.00292 | 0.CO126 0.3815 452 179,000 
290 ,000 + 70 530 0.00189 | 0.00229 0.2115 Fatigue Fracture 
Po Group - IV, Nominal Fatigue Stress Level - 20,000 lhs/in* (Avg. Y, not computed ) 
54 500 , 000 - 95 365 10.238 000274 | 0.00048 oo 294 116,500 
53 {2,000,000 - 52 0.247 0.00245 | 0.00077 on 240 95,000 


in which ¢; is a parameter of a value de- 
pending upon the fatigue stress level and 
the deflection rate of the slow bend test, 
the number of*cycles to fatigue fracture 
it this stress level, N the number of cycles 
it this stress level to which the specimen 
has beeri subjected prior to the brittle 
temperature tests, 7) the absolute tem- 
perature of transition to brittle fracture 
in degrees Fahrenheit of the material 
under no cycles of prior fatigue stress and 
at a given slow-bend test deflection rate, T 
the absolute temperature of transition to 
brittle fracture in degrees .Fahrenheit of 
the material after having been subjected 
to N cycles of prior fatigue at the same 
stress level and under the same slow-bend 
deflection rate and K a constant under the 
conditions to be determined. Hence 
Equation (2) is to be applied for a given 
level of prior fatigue stress and at a given 
strain or deflection rate in the brittle 
temperature tests. 

The absolute temperature in degrees 
Fahrenheit under which the fatigue frac- 
ture occurs will be designated by the letter 
T\. Let us now postulate that fatigue 
Iracture occurs when the transition tem- 
perature T of the material, through certain 
causes to be explained later on, increases 
ind becomes equal to the testing tempera- 


upon any experimental evidence heretofore 
available, and is of meaning only if new 
experimental evidence to be reported 
herein lends credence to it. Consequently, 
based upon this assumption N = Ny; when 
T = 7;. Substituting in Equation (2), it 
can be shown that 


1 
K= = flow (3 


and Equation (2) then becomes 


lo E ] 


logio 


which is definitive only under the condi- 
tions of a given prior fatigue stress level 
and for a given deflection rate in the brittle 
transition temperature tests. 

In order to utilize Equation (4) to ex- 
press the functional relationships of the 
data in Table 3, it is necessary to determine 
the parameter ¢; for each prior fatigue 
stress level and average deflection rate in 
the slow bend tests. Three examples will 
be considered, based upon Groups I, IT and 
III of Table 3, namely: (1) for the fatigue 
stress level o = 35,000 psi., and average 
deflection rate 6 = 0.259 in./sec.; (2) for 
the stress level ¢ = 26,000 psi., and average 


sec. To calculate the values of ¢; it is 
convenient to expr’ ss Equation (4) in the 
form 


1 1 
N 

logio ¢i = - logue (4a) 
T 


The procedure followed was to calculate 
¢gi by Equation (4a) for each row of data 
in Table 3 and to use the average ¢; for 
each of the above groups of data, or ex- 
amples, in the final formulation of the 
numerical equations. Although the value 
of g; varies somewhat within each group, 
probably due to the slight variation of 6, 
it was found that the relation between the 
prior fatigue cycles N and the brittle 
transition temperature 7 is quite insensi- 
tive to this effect. Indeed, good results 
can be obtained by the use of a single ¢; 
value within the group. The average 9; 
for each group of data is as follows: 
Group I, ¢ = 1.794, Group II, ¢ = 2.263; 
Group ITI, ¢ = 1.627. 

Upon the resubstitution of these values 
of g; in Equation (4), the following equa- 
tions are obtained 


59,200 0.0003388 
logio ) = ( iv (5) 


ture 7; under which the fatigue fracture deflection rate 6 = 0.248 in./sec.; and 0.00322 
occurs. At the present stage, this is ad- (3) for the stress level ¢ = 26,000 psi. and 
mittedly an intransigent assumption based average deflection rate § = 0.00253 in./- for ¢ = 35,000 psi., and 6 = 0.259 in. /sec.; 
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0.000473 734 


(0 00322 — 7) 


for ¢ = 26,000 psi., and 6 = 0.248 in. /sec.; 
and 


72 
(00 00417 — 7) 


logio 


(25.000 ,000 (6) 


(7) 


for ¢ = 26,000 psi., and 6 = 0.00253 in./- 
sec, 

The left sides of Equations (5), (6) and 
(7) were computed for the test data and 
listed in column 8 of Table 3. These 


values were then plotted in Fig. 5 vs. 
1 


77 z from column 7 of Table 3. An 


examination of Fig. 5 discloses that prior 
cycles of fatigue stressing progressively in- 
crease the brittle transition temperatures 
and that the triangular points representing 
fatigue fracture at room temperature lie 

on a slight prolongation of these curves. 

This gives support to the assumption made 

earlier in the development of the equations, 
that fatigue fracture occurs when the 

transition temperature increases and be- 

comes equal to the temperature of the 

fatigue test. 

The remarkable similarity of the curves 
of Fig. 5 to the ordinary S-N curve (for 
example, Fig. 3) is worth noting. Both 
curves of Fig. 5 approach the horizontal 
axis 1/7) — 1/T = 0 as a single asymp- 
tote. This is when the transition tempera- 
ture is equal to that of the material under 
no prior fatigue cycles. The vertical 
asymptotes are different depending on the 
level of fatigue stress and the deflection 
rate of the slow-bend test. In general, the 


vertical asymptotes are for logio eins = 
which means when N = ¢;N;, or when the 
number of cycles of a prior fatigue stress 
level are equal to ¢; times the number of 
cycles to fatigue failure at that level. 
Thus, the vertical asymptotes are to the 
left of the triangular points representing 
fatigue fracture by the distance logis i, 
which depends on the stress level of fatigue 
and the deflection rate of the slow-bend 
brittle temperature test. Of course, points 
on the curve to the left of the triangular 
points representing fatigue fracture are 
not realized in practice. When the S-N 
curve is’ plotted in the common semi- 
logarithmic fashion as in Fig. 3, for ferrous 
metals, the horizontal asymptote is the 
endurance limit and for nonferrous metals 
probably the zero stress axis. The vertical 
asymptote is not certain since most fatigue 
tests begin at several thousand cycles, but 
tests have shown"‘ that on semilogarithmic 
plotting the S-N curve commonly has an 
upward curvature indicating that an 
asymptote is being approached as the 
number of cycles is reduced. Thus, the 
curves plotted in Fig. 5 also appear to be 
of the Wohler type. 

The above indicates that points on the 
S-N diagram are essentially for a constant 
transition temperature 7), namely, the 
temperature of the test. Similarly, the 
points on each of the curves of Fig. 5 are 
for a constant fatigue stress level S. This 
leads to the concept that the general 
fatigue relation should probably be ex- 
pressed by a three-dimensional manifold 
S-N-T instead of the commonly used S-N 
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Table 4—Comparison of Calculated Transition Tempera- 


stress con icentratiog 


factors of 27: 5 and 
tures with observed Values technical stress gop, 

centration 
(Calculations Based on Equations 5, 6 and 7) rn — factor 
of 1 COMputed 
Observed Calculated according to Ng. 
Deflection Transition Transition ber?®) it is felt tha 
Specimen No. of Rate §, Temp., T° Temp., T° a slight amount g 
No. Cycles -In./Sec. F. (Abs.) (Abs.) plastic flow 
Nominal Fatigue Bending Stress—35,000 psi.—Equation (5) present in some ¢ 
48 200 0.265 315 324 the cases which 
42 1,350 0.256 330 332 would Mitigate 
34 13,800 0.239 381 372 thesefactors. Cop. 
50 20,200 0.253 402 401 sequently 2 only 
24,000 0.286 425 425 nominal 
atigue eines ore Maul 
Nominal Fatigue Bending Stress—26,000 psi—Equation (6) that some dligly 
49 200 0.272 310 324 plastic flow may 
39 8,500 0.236 325 337 have even cause 
57 85,000 0). 256 380 372 the calculated streg 
59 127,000 0.234 400 391 values listed to | 
58 150,000 0.243 408 403 
Fatigue ‘ 
fracture 290,000 ..... 530 530 
od e general trends 
Nominal Fatigue Bending Stress—26,000 psi.—Equation (7) however, are unmis. 
64 200 0.00284 240 248 takable. Table 3 
62 8,500 0.00268 250 257 shows that as th 
63 85,000 0.00204 293 284 
60 127,000 0.00237 308 301 
61 150,000 0.00251 315 313 fatigue stress is in. 
65 196,100 0.00278 343 344 creased at the vari. 
Fatigue ous stress level 
fracture yo. 530 530 investigated, th 
brittle fracture 
strength is very 
materially and con- 

diagram. Indeed, until this is done it is tinuously decreased. 


doubtful if the basic mechanism of fatigue 
will be disclosed. 

A further test can be made of the accu- 
racy of Equations (5), (6) and (7). For 
the corresponding number of cycles listed 
in the second column of Table III, the 
transition temperatures 7, including the 
temperature of the fatigue fracture, can 
be computed from Equations (5), (6) and 
(7) and compared with the observed values 
of T listed in column (4) of Table 3. The 
results of this calculation are included in 
Table 4. It can be seen that the observed 
values of the transition temperatures 
agree within an error of about 4% with 
the values calculated by Equations (5), 
.(6) and (7). Of particular interest is the 
fact that using either the average ¢; or 
an individual ¢; within the group, these 
equations permit quite an accurate calcu- 
lation of the transition temperatures for 
any number of prior fatigue cycles within 
the life-to-failure at that stress level while 
at the same time predicting a transition 
temperature at fatigue fracture equal to the 
testing temperature under which the fa- 
tigue failure occurred as assumed in the 
original development of the equations. 


The Effect of Prior Cycles of Fatigue on the 
Brittle Fracture Strength 


From the loads recorded at fracture in 
the slow-bend brittle temperature tests, 
it was possible to determine the influence 
of the number of prior cycles of fatigue 
on the brittle fracture strength. Table 3 
lists both the fracture load under simple 
bending at the brittle transition tempera- 
ture required to fracture the specimen 
and the nominal fracture bending stress 
intensity in each case. Although these 
notched specimens possessed theoretical 


This is no doubt 
accompanied by a similar, but greater, 
loss in ductility. 

Since at a given stress level, the con- 
straint and strain rate for each group of 
tests remains practically fixed, the loss in 
fracture strength is probably caused princi- 
pally by the continuous increase in the 
brittle transition temperature. In fact, 
it can be shown for the group of tests 
at the fatigue stress level of 26,000 psi 
and the low average strain rate 6 = 0.002383 
in./sec. that if the fracture stress at any 
number of cycles is multiplied by the 
ratio of 220/@ a nearly constant fracture 
strength is obtained. The fracture loads 
at the higher strain rates are not as reli- 
able as those for the lower strain rates and 
are not as amendable to this type of study, 
although indicating the same result. It 
can also hardly be expected that this 
simple conversion method for strength, 
showing the loss of strength to be prin- 
cipally due to*the change of transition 
temperature, can be extended to room 
temperature for fatigue fractures. This 1s 
due to several considerations. In the first 
place, although the brittle fracture 
strength would decrease as room tempera- 
ture is approached, it may not be a strictly 
linear effect since previous studies in con- 
nection with the velocity-modified tem- 
perature concept'* 17 showed that the heat 
of activation could be considered constant 
for only limited temperature ranges. 
More important, however, the fatigue 
fracture is preceded by a spreading crack 
altering the stress concentration condi- 
tions. Further, instead of involving 4 
small element of material at incipient 
fracture as in the slow-bend brittle trans! 

tion test, incipient fatigue failure may 

occur over an annular region at the bottom 
of the notch. This injects a statistical 


MARCH 


Not 


Fig. 
Fat 


effect 
not | 


other 
fatig 
inves 
othe 
ture 


at 
| 
| 
4 
= 
Ge 
ais 
“3 
LA 
6 
Be, 3 


AALS 
CENtratgg ranges any loss in fracture strength is due 
f 2750 to the increased brittle transition tempera- 
eal In reality, from a more general point 
compass of view, the decrease in brittle fracture 
me “e strength at the same deflection rate in the 
felt the slow-bend tests resulting from an increase 
mend in the number of prior fatigue stress cycles 
flow ‘a may be viewed as a demonstration of the 
n seal y fact that the fracture strength depends 
Pe. upon the past history of stressing and not 
ste only upon the instantaneous values of 
ore. Con. strain, strain rate, temperature, etc. Thus 
7 it is unlikely that a simple mechanical 
Only equation of state exists for this problem. 
’ ne It may still be possible, however, to estab- 
| Possibi lish a more general mechanical equation 
*: slight of state in the manner discussed recently 
lows Bes for including the effects of prior temper- 
N Catised Notch Profile Before Cyclic Bending Notch Profile After 15,000 Cycles at ing.” 
ted stre 37,500 Psi. Stress 
ed to be Fig. 6—Profilometer Photographs of Notch Before and After Being Subjected to a The Damage Problem 
greater Fatigue Stress of 37,500 Psi. for 15,000 Cycles. Original Magnification, x 31'/, Lh ' 
al Values The probable position of the points 
il trends represented by the data of Table 3 relative 
re unmis. effect into the fatigue fracture problem It is of interest to note, however, in to the commonly determined damage line 
Table 2 not present to the same degree in the comparing specimen numbers 30 and 34 in on the S-N curve may be of interest. The 
t as the other. The possibility of initiation of Table 3 that the same fracture strength damage line is usually determined'*: '* by 
cycles of fatigue fracture over this larger area or is obtained at the high- and at the low- subjecting a specimen to a number of 
ess is in. yolume of metal as is known from the strain rates since the brittle transition cycles above the endurance limit, and sub- 
the vari. investigations of Griffith,'* Wirtz'® and temperatures were altered thereby in the sequently running the fatigue test at the 
levels others, makes a further reduction in frac- same directions. This gives added weight endurance limit to determine if any dam- 
1 the ture strength likely. to the belief that in these temperature age has occurred. Points are then plotted 
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on the S-N diagram and the curve drawn 
through those representing no damage is 
called the damage line. A region is thus 
determined between the damage line and 
the S-N curve which denotes the damage 
region. No such damage curve was made 
for the tests on this material so that resort 
must be had to the literature. Wishart 
and Lyon*! have reported a damage dia- 
gram on §.A.E.-1020 steel which may be 
used to indicate the probable positions. 
Using the technical stress concentration 
factor of 1.62 discussed previously for the 
present tests, multiplying this by the 
ordinates of Fig. 3, and comparing this 
derived curve with those reported by 
Wishart and Lyon indicates, roughly, that 
at the nominal stress level of 35,000 psi. 
in Table 3, the data beginning with speci- 
men No. 34 at 13,800 cycles and higher 
probably lies in the commonly determined 
damage region. Similarly, at the stress 
level 26,000 psi., the data beginning with 
85,000 cycles (specimens 57 and 63) and for 
higher cycles probably also lies in the so- 
called damage region. This indicates thay 
the usual method of determining damage is 
not as sensitive as the slow-bend brittle 
transition temperature test since it does 
not show damage at the lower number of 
cycles or at lower stresses as the latter 
does. The fact that the endurance limit 
is not altered until a larger number of 


127,000 CYCLES 


cycles is applied does not mean that no 
damage is done to the material. The pres- 
ent tests show that even low fatigue cycles 
reduce the brittle fracture stress and in- 
crease the brittle transition temperature. 
This is particularly important if the mate- 
rial is also subjected to shock loads during 
its service life. In fact, the present tests 
indicate that damage is done to the mate- 
rial for all stresses above the endurance 
limit (and for some stresses below it) re- 
gardless of the number of cycles. This is 
also in better conformance with the funda- 
mental Carnot-Clausius law of thermo- 
dynamics according to which an isolated 
material system will not pass identically 
through the same state twice. Each suc- 
cessive state brings about a decrease in the 
available energy. It is thus irreversible. 


Investigation of the Possibility of a 
Spreading Fatigue Crack or Other Notch 
Alteration as a Cause of the Effects Found 


One of the first and most obvious expla- 
nations of the important reduction in 
brittle fracture strength and of the large 
increase in brittle transition temperature 
produced by increasing numbers of cycles 
of prior fatigue stressing at a given stress 
level would be the formation and propaga- 
tion of a fatigue crack through the speci- 
men. That it would reduce the nominal 
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slow-bend fracture strength 
Tests conducted by the authors recom 
and submitted in a separate publicy 
have shown that as the depth of q y. 
increases, while the notch radius rey, 
constant, the brittle transition temp, 
ture is thereby also considerably * 
mented. Thus, an incipient and grow, 


fatigue crack could conceivably acooy,, 


for all of the effects found in these tests 
In addition, if the profile of the ny 


was altered during fatigue  stregg 


through plastic flow, without the form, 


tion of a crack, like effects might also ha 
been found although perhaps to 4 Jeg 
extent. 

Tests were conducted to investigat 
these two plausible causes. 

Let us first consider the possibility of , 
alteration in the shape of the notch throug 
plastic flow. Several fatigue speciny 


were photographed in the profilome 


before the fatigue tests. They were tly 
stressed in the fatigue machine at a non 
nal stress of 37,500 psi. for about 75! 

the number of cycles required to prody 
fracture. These specimens were then ph 


tographed again in the profilometer afte 


removal fromi the fatigue machine. Ty 


cal results are shown in Fig. 6 and clear) 


indicate no visible change in notch prof 
due to plastic flow. 
The same specimens were then place 
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Zygio and soaked for two days. After 
moving from the Zyglo fluid they were 
refully examined under ultraviolet light. 

evidence of any surface cracks were 
wnd. The specimens were then slowly 
ent to determine if any cracks would 
nen up. The angles of bend were in- 
eased from 15 to 75° before any cracks, 
used probably by the machined notch, 
started to appear. The usual deflection 
, the slow-bend testing machine preced- 
ng brittle fracture was from 4 to 7°. 

Figures 7 to 10, inclusive, show the vari- 
us fractures obtained both from the slow- 
end brittle transition temperature tests 
nd by fatigue only. It can be noticed 
hat after a certain number of cycles of 
rior fatigue stressing, a dark annulus 
egins to appear around the periphery of 
he fracture. At a fatigue stress level of 
5,000 psi., the annulus in Fig. 7 appears 
) grow in depth as the number of prior 
fatigue cycles increases. The structure of 
the mutant ring appears to be finer and 
nore uniform than the center region. At 
. fatigue stress level of 26,000 psi., the 
lepth of the ring in Figs. 8 and 9, however, 
first increases and then decreases. In Fig. 
i), the annulus also increases in depth 
vith the number of fatigue cycles. 

The temptation is great to conclude from 
these photographs that the dark annulus 
shows merely a spreading fatigue crack. 


I27,000 CYCLES 


It should be noted, however, that the same 
dark ring appears in Fig. 10 at a stress 
level considerably below the endurance 
limit! In addition, it will be noted that 
the ring is always thicker on opposite 
ends of one diameter reflecting the influ- 
ence of the vertical plane of bending in the 
slow-bend fracture tests. The authors are 
forced to conclude that the annulus is 
merely a reflection of the mechanism of 
crack propagation during the slow-bend 
tests and is not an indication of a spread- 
ing fatigue crack. The mechanism by 
which prior fatigue cycles affect the forma- 
tion of the crack during the slow-bend test 
is not clear, thus forming an hiatus in our 
present knowledge, and this will have to 
be left to future studies. 

The microstructure of these fractured 
specimens was also studied. A specimen 
was subjected to 20,200 cycles at a stress 
of 35,000 psi. for comparison with one 
producing a fatigue failure at 27,100 cycles 
and at the same stress level. The first 
specimen was fractured in the slow-bend 
apparatus. The fracture surfaces of each 
were chrome plated to preserve the frac- 
tured edge during subsequent polishing. 
The test pieces were sectioned longitudi- 
nally along a diameter, and given a 
metallurgical polish. Figure 11 shows the 
fracture structure for the specimen which 
failed by fatigue and Fig. 12 for the speci- 
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men broken in slow bend after 20,200 
cycles of fatigue stressing. The grain 
structure appears to be uniform and simi- 
lar throughout both specimens. 

The various tests discussed under this 
heading lead the authors to conclude that 
the reduction in fracture stress and the in- 
crease in brittle transition temperature 
caused by prior cycles of fatigue stressing 
in these experiments was not caused either 
by a spreading fatigue crack or by a change 
in the notch profile due to plastic flow. 

Peterson®* reports fatigue cracks in 
specimens of S.A.E.-1045 steel occurring 
at high stress levels on notched specimens 
at about 70°, of the life-to-fracture and at 
low stress levels at about 50% of the life- 
to-fracture. Tests by Hempel** showed 
that 90% or more of the life-to-failure at a 
given repeated stress has been used by the 
time the crack appears even though the 
steel is a very soft one. Davidenkov and 
Schewandin™ found for notched fatigue 
specimens that cracks could be detected 
at the base of the notch at about 50% of 
the life of the specimen. It appears that 
the smaller the specimen, the fewer the 
number of cycles between initial crack 
formation and failure. The specimen used 
in the present tests was quite small. In 
no case did the prior cycles of fatigue 
stress in this investigation exceed 73% 
of the life to failure at a given repeated 
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Fig. 9—View of Fractures After Various Number of Cycles of Fatigue Stressing. Nominal Fatigue Bending 


Stress, 26,000 Psi.; Av. Deflection Rate, 0.00253 In. Sec. 
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Fig. 10—View of Fractures After Two Different Number of Cycles of Fatigue Stressing. 
Nominal Fatigue Bending Stress, 20,000 Psi.; Av. Deflection Rate, 0.242 In. /Sec. 


stress level. 
of specimens shown in Table 3 were sub- 
jected to cycles of prior fatigue stress less 
than 44% of the life-to-failure. In addi- 
tion, reductions in fracture stress and in- 
creases in the brittle transition tempera- 
ture were found at considerably less than 
1% of the life-to-failure at a given stress 
level. Table 3 also shows a very great 
increase in the brittle transition tempera- 
ture at stresses below the endurance limit. 


Other Possible Explanations of the 
Influence of Prior Cycles of Stressing on the 
Brittle Fracture Properties 


Since the previous discussion has shown 
it is very unlikely that a spreading fatigue 
crack caused the strong influence of prior 
cycles of stressing on the brittle fracture 
properties in these tests, let us now con- 
sider some other conceivable causes. Due 
to the limited nature of the study to date, 
it is to be emphasized that any explana- 
tion offered at this time should be viewed 
as purely tentative. Further experiments 
are planned to throw more light on this 
question. The present preliminary study 
would not be complete, however, if some 
attempt were not made at least to indicate 
some possible interpretations. The only 
tool available for this purpose is common 
inductive reasoning, a posteriori, based 
upon an admittedly incomplete technology 
in the literature related to the problem. 
In fact, even the actual mechanism of 
fatigue failure is not known today. 

Among the various possible causes, the 
following may be mentioned: 

(1) Through plastic flow by slip, 
traces of the slip bands on the surface of 
the specimen become sources of stress 
concentration as suggested by Stepanov.* 
This may be augmented by a greater num- 
ber of cycles and would conceivably cause 
a reduction in fracture strength and an 
increase in transition temperature. 

(2) Plastic flow by slip and strain 
aging present during the fatigue test both 
tend to increase the brittle transition 
temperature as the number of cycles 
becomes larger. The increase of the tran- 
sition temperature can account for the 
lowered brittle fracture strength. 

(3) The slow growth of submicroscopic 
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In fact the great majority ° 


cracks, possibly to a limiting size below 
the endurance limit, but leading to final 
fracture above it, could lead to a reduc- 
tion of the brittle fracture strength and an 
increase in the transition temperature. 

(4) Evidence that cyclic compression 
stresses, of equal magnitude to the tensile 


stresses, cause greater changes ; 
than the tensile stresses 

This might tend to flatten any ; 
present thus causing greater st; 


hardness 
(hemselyes 
1CTO Cracks 


trations and a reduction of ¢}, nee 
fracture strength with incre, in the 
transition temperature. This based 
the idea of the alteration of the ori; Ntatios 
of a crack by plastic deformation as — 
posed by Kuntze,* and by Zener and Hol. 


lomon.*? 
In order to throw some light on these 
possible causes, let us recall a fey 


experi. 
mental results. 
Gough* has shown that fatigue failure 
always started in a region which was sub. 
jected to plastic deformation by gj, 


His X-ray studies have indicated that th 
result of this slip is not only a relative dic. 
placement of adjacent parts of the crystal. 
line structure, but that the structure hp. 
comes broken-up into components of 
various orientations. In actual failure 
submicroscopic cracks presumably develo, 
from these discontinuities in structure an 
later form macroscopic spreading fatigy: 
cracks. Gough and Hanson? have showy 
however, that plastic flow by slip can occu; 
under a safe range of stress. Slip bands 
may form at stresses less than the endyr. 
ance limit. At lower stress ranges, Gough 
has shown that plastic deformation, strain 
hardening and crystal break-up can occur 
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Fig. 11—Photomicrographs of Longitudinal Section of Specimen After Fatigue Fracture. 


Nominal Stress, 35,000 Psi.; Cycles to Failure, 27,100. Magnification: 
graphs 300 Cross Section 13.5 3% Nital Etch 
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githout leading to the formation of a 
yisible fatigue crack and failure. In addi- 
tion, fatigue tests on single crystals under 
ssafe range of stress required many thou- 
ands of cycles before the process of strain 
hardening was completed. : 

From alternating torsion fatigue tests, 
Ludwik®’*! and Sheu® have shown that 
the tensile fracture stress at room tem- 
perature of annealed aluminum, copper 
or mild steel decrease with increas- 
ing numbers of cycles. Recently, Liu, 
Lynch, Ripling and Sachs have made low- 
cycle tension and compression fatigue tests 
on aluminum alloy 24ST in which the 
effects of cycles of stressing on the room 
temperature flow and fracture properties 
were determined. These experiments 
showed that the room temperature frac- 
ture stress and ductility decrease continu- 
ously with increasing number of cycles in 
agreement with Ludwik’s observations. 

Several years ago H. Majors,** at the 
suggestion of one of the authors, made 
pulsating and reversed bending tests at 
low numbers of cycles of fatigue stressing 
on annealed brass and §.A.E.-1112 steel in 
which the effect of cycles of strain on the 
hardness properties were determined. 
These tests showed, among other things, 
that compression strains increased the 
hardness more than equal tensile strains, 
the hardness increased with the number of 
cycles, alternate tensile and compression 
strains caused greater increases in hard- 
ness than equal strains in one direction 
mly, and a complete cycle of tension and 
compression strain (final strain zero) in- 
‘reased the hardness considerably above 
the original value, 

Davidenkov and Sakharov® have dem- 
onstrated that full aging can raise the 
brittle transition temperature by 30° C. 
for a 0.20% carbon steel. Similarly, Maurer 
ind. Mailander,® using notched specimens 
of low-carbon steel, found that 16% cold 
work followed by age hardening at 480° F. 
raised the transition temperature 70° F. 
Greaves and Jones* found similar effects 
due to cold work only. In addition, 
Kiiger® and Gerszonowicz’ show that the 
transition temperature of soft steel cold 
worked by stretching for notched speci- 
mens increased materially. 

Recent tests by McAdam, Geil and 
Jenkins** show that a single cycle of equal 
tension and compression increases the 
brittle fracture strength above the value 
in the annealed condition for a 0.45% C, 
0.90% Cr steel. Since the net strain at 
the end of the cycle was zero, it is doubt- 
ful if the elevation of the fracture stress 
can be attributed to a uniform reorienta- 
tion of internal cracks, and they view it 
as a work-hardening effect. This throws 
some question on possibility No. 4 listed 
above. If it is assumed as above that the 
compression effects in reorienting the 
cracks are different from the tensile effects 
with increasing number of cycles, it is 
difficult to completely eliminate the ex- 
planation on this ground alone. A more 
serious objection, however, is that under- 
stressing increases the endurance limit and 
the unfavorable reorientation of micro 
cracks with increasing number of cycles is 
hardly compatible with this effect. From 
Gough’s studies, with the presence of 
crystal fragmentation as a probable source 
of submicroscopic cracks even below the 
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endurance limit, possibility No. 4 does not 
seem particularly promising. Since, how- 
ever, Ludwik and Sheu and Sachs, et al., 
have found that the room temperature 
fracture strength decreases with the num- 
ber of cycles of stressing, and the present 
tests described in this paper have also 
shown that the brittle fracture strength 
decreases with an increased number of 
cycles, it is apparent that a single cycle 
is probably not sufficient to predict the 
effects of a large number of cycles. A 
particularly interesting feature of the 
tests by McAdam and his collaborators is 
that small amounts of either prior tensile 
or compressive strain cause a reduction in 
brittle fracture strength, while larger 
amounts of either cause an increase in 
fracture strength. This raises the question 
as to what the net effect on the brittle 
fracture strength might be for one or more 
complete cycles within this small strain 
range. The possibility exists that the net 
result might be a reduction in fracture 
stress. 

The third possibility listed above is diffi- 
cult to check experimentally since, although 
Gough has shown crystal break-up through 
X-rays, the submicroscopic cracks cannot 
be measured. The known effect of under- 
stressing which increases the endurance 
limit is not easy to reconcile with the 


growth of submicroscopic cracks only, 
which conceivably could form due to crys- 
tal break-up even below the endurance 
limit. 

The first possibility listed above to ex- 
plain the effects of prior cycles of fatigue 
on the brittle fracture properties would 
also be open to the same objection, namely 
the effects of understressing. It is known 
that slip bands can form at stresses below 
the endurance limit. Consequently, any 
stress concentration effects at the ends of 
the slip bands would reduce the endurance 
limit rather than increase it as is found. 

The above considerations lead the 
authors to the tentative conclusion that, 
while some of the effects listed under each 
of the 4 possibilities mentioned are no 
doubt concurrently present, the principal 
cause of the increase in transition tempera- 
ture and of the decrease in brittle fracture 
strength produced by an increase in the 
number of prior fatigue cycles at a given 
stress level is due to possibility No. 2, 
namely, strain hardening and strain aging. 
Both of these tend to greatly increase the 
transition temperature especially under 
cyclic stress. The drop in brittle fracture 
stress is then explainable as being mainly 
due to the increased temperature of transi- 
tion to brittle fracture. This is in agree- 
ment with the data of Table 3. Since both 


Fig. 12—Photomicrographs of Longitudinal Section of Specimen Subjected to 20,200 


Cycles of Fatigue at 35,000 Psi. and Fractured in Slow Bend Test. 


Magnification: 


Photomicrogtaphs 300 Cross Section 13.5 3% Nital Etch 
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strain hardening, or cold work by plastic 
slip, and strain aging can occur below the 
endurance limit, this explanation also fits 
the test data listed below the endurance 
limit. 

It is also commonly felt that the mecha- 
nism of plastic flow and some aging prob- 
lems are closely associated with the process 
of diffusion and the chemical rate 
theory.** ** As a further indication that 
the effects found in this study are probably 
due to plastic flow and strain aging, Equa- 
tion (4) can be expressed in another form 
not unlike those equations governing 
chemical rate or diffusion problems. By 
rearranging the terms of Equation (4) and 
using natural logarithms this equation 
can be expressed as 


( B 


where A = g; and B = log 
1 


Thus, both A and B are functions of the 
fatigue stress level and the deflection rate 
of the slow-bend brittle transition tem- 
perature test. 

In tension tests of the true stress-strain 
type conducted to fracture at various con- 
stant true strain rates and at various tem- 
peratures and also for the creep of metals 
at high temperatures, based upon an abso- 
lute reaction rate approach, the following 
equation was found to hold!* 17 


= Ae~OQ/RT (9) 
€0 


where ¢, €9, A, QO, R and T are the true 
strain rate, a base constant strain rate, 
a constant, a function of stress and strain, 
the molal gas constant and the absolute 
testing temperature, respectively. This 
equation was the basis for the derivation 
of the useful concept of the velocity- 
modified temperature. 

While Equations (8) and (9) differ in 
certain respects, they seem to follow some- 
what similar exponential relationships 
which may not be entirely accidental. 


Summary and Conclusions 


A series of experiments are described in 
which the effects of different numbers of 
prior cycles of fatigue stress on the brittle 
transition temperature and on the brittle 
fracture strength are determined for an 
S.A.E.-1020 steel. The results of these 
tests show that: 

(1) The brittle transition temperature 
was increased greatly and continuously as, 
the number of prior fatigue cycles in- 
creased at stresses both above and slightly 
below the endurance limit. As an illustra- 
tion, for cycles representing 73% of the 
life-to-failure at a nominal stress level of 
35,000 psi., the transition temperature in- 
creased 115° F. over its value for no prior 
stressing. At a nominal stress of 26,000 
psi. and for prior cycles of 52% of the 
life-to-failure, the transition temperature 
increased 98° F. Ata stress level of 20,000 
psi., below the endurance limit, the ap- 
plication of two million cycles increased 
the transition temperature 98° F. These 
were all at practically the same deflection 
rate in the slow bend test. 

(2). The brittle fracture strength was 
greatly and continuously decreased as the 
number of prior cycles of fatigue increased 
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at all of the stress levels investigated. 
For example, cycles representing 73% of 
the life-to-failure at the stress level of 
35,000 psi. caused a 61% decrease in the 
brittle fracture strength; cycles represent - 
ing 44% of the life-to-failure at a stress of 
26,000 psi. caused a 59% decrease in 
brittle fracture strength; and two million 
cycles at 20,000 psi. (below the endurance 
limit) reduced the brittle fracture strength 
68%. 

(3) An analytical expression cculd be 
formulated relating the number of prior 
cycles of fatigue and the brittle transition 
temperature in the form 


iN 1 
logio 


N 
logio ¢i 
y 


definitive under the conditions of a given 
prior fatigue stress level and for a given 
deflection or strain rate in the brittle 
transition temperature tests. In the 
above equation, N and T are the number 
of prior fatigue cycles and the absolute 
transition temperature respectively, ¢; a 
parameter, constant under the conditions 
imposed, Ny; the cycles to fatigue failure 
at that stress level, and 7) and 7; the abso- 


lute transition temperatures before the - 


application of fatigue cycles and at fatigue 
failure, respectively. This equation repre- 
sented the data within 4% error. A de- 
tailed study indicated that the basic prem- 
ise of the equation, namely, that fatigue 
failure occurs when the brittle transition 
temperature has increased to the tempera- 
ture of the fatigue test, appears to be valid 
for this material as shown in Fig. 5 and 
Table 4. 

(4) A plot of the test data through the 
use of the above equation in Fig. 5 pro- 
duced curves, relating the transition tem- 
perature T and the number of applied 
fatigue cycles N, of a form similar in many 
respects to the Woéhler S-N curve. As 
discussed in the paper, fatigue phenomena 
related through the common S-N diagram 
are useful but incompletely represented. 
A more general manifold of the form S-N-T 
appears to be necessary to express the rela- 
tions involved. 

(5) The decrease in brittle fracture 
strength with increasing number of cycles 
appears to be largely due to the concomi- 
tant increase of the brittle transition tem- 
perature. 

(6) The effect of fatigue cycles on the 
brittle fracture properties shows that they 
depend on the past history of stressing 
and not on the instantaneous values of 
strain, strain rate and temperature only. 
A simple mechanical equation of state is 
therefore unlikely for this problem. 

(7) The ability and sensitivity of the 
special M.I.T. slow bend test in determin- 
ing damage done to the material is particu- 
larly evident. It is much more sensitive 
than the usual method employed for deter- 
mining the damage line in fatigue tests. 
The present tests indicate that damage is 

done to the material for all stress levels 
above the endurance limit (and for at 
least some stresses below it) regardless of 
the number of cycles. This is in better 
conformance with the fundamental Car- 
not-Clausius law of thermodynamics. 

(8) A detailed study of the possible 
presence of either a spreading fatigue 


crack or other alteration of the neal 
profile with increasing fatigue cycles Z 
negative thus eliminating these as ¢,) 
nations of the effects found on the brite 
fracture properties. 7 
(9) After considering several othe ™ 
sible explanations, it was tentatively 
cluded that strain hardening. by play 
slip together with concomitant g, 
aging present during the fatigue tg 
were the principal causes of the inflyeng 
of prior fatigue cycles on the brittle frsel 
ture properties. 
(10) It was also shown that the Equa 
tion (4) listed in the paper expressing the 
relation between the number of cycles y, 
the transition temperature could be yr. 


ten as 
(= 
N 
N; Ae 


which has a form not unlike those equa 
tions governing chemical rate and dify. 
sion problems when applied to plastic floy 

(11) The appreciable and adverse jy 
fluence of prior cycles of fatigue on th 
brittle fracture properties may be of cop. 
siderable use in explaining the causes ¢ 
various service failures where the part « 
structure was subjected to some vibratory 
or oscillating stresses during its servi¢ 
life. The large increase in brittle trang 
tion temperature and reduction in brittk 
fracture strength could in themselves jy 
various cases account for the loss of capac. 
ity to absorb low energy loads, ade 
quately sustained in the earlier servic 
life of the structure. The fatigue effects 
found here, when coupled with the influ 
ence of combined stresses and the other 
factors listed in Table 1, provide consider. 
able background material for the explana. 
tion of such failures. 
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Discussion of the Paper, 
“Some New Aspects of the 
Fatigue of Metals Brought. ™ 
Out by Brittle Transition 
Temperature Tests” 


By D. Swan* 


HE authors are to be congratulated on a new con- 
cept of the effect of cyclic loading on simple struc- 


tures. 


The radical effect of cyclic stresses above the endur- 
ance limit upon the transition temperature is clearly 
This goes far in helping to explain brittle fail- 
ures of structures subject to shock loading of a repeated 
nature such as ingot cars, railway bridges, etc. 

However, one question arises concerning the effect of 
cyclic stresses below the endurance limit. 
in ply that the transition temperature is raised radically 
by fatigue stresses below the endurance limit, yet only a 
single example is given for such a case. This series of 
specimens was stressed at 20,000 psi., only 2500 psi. below 
the endurance limit, and after 290,000 cycles the transi- 
tion temperature would be raised by about 45°, while for 
a specimen stressed at 26,000 psi. (3500 psi. above the 
endurance limit) the transition temperature would be 
raised by 220°, or almost five times as much. Figure 1, 
plotted from the authors’ data, shows the change in 
transition temperature with increasing number of stress 
cycles for several different stress levels. 
are led to question whether cyclic loading at stress levels 
commonly used in engineering design would seriously 
' It is, of course, realized that 
this paper represents exploratory work, but it should be 
emphasized that much more information is necessary be- =150 


shown. 
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“A Velocity-Modified Temperature for the Plastic 
Flow of Metals,’’ Jbid., 13 (1), All (March 1946) 

18. Griffith, A. A., “Phenomena of Flow and 
Rupture in Solids,” Phil. Trans. Roy. Soc., 221 
163-198 (1920). Also “‘Theory of Rupture,” 
Proc. 1st Intern. Congr. Applied Mech., Delft, 59- 
63 (1924). ; 

19. Wirtz, K., “The Relation of the Tensile 
Strength of Homogeneous Glass Rod to Its Diam- 
eter,” Zeit. fiir Physik, 93, 292-297 (1935) 

20. Fisher, J. C., and MacGregor, C. W., 
“Tempering Effects and the Mechanical Equation 
of State,” presented at the Metals Congress, 
Chicago, October 1947—A.S.M 

21. Wishart, H. B., and Lyon, S. W., “Effect 
of Overload on the Fatigue Properties of Several 
Steels at Various Low Temperatures,’’ 7rans 
Am. Soc. Metals, 25, 690-701 (1937) 

22. Peterson, R. E., “Discussion of Rate of 
Growth of Fatigue Cracks,” paper by A. V. de- 
Forest, Jour. Applied Mech., 3 (3), Al115-A117 
(September 1936) 

23 Hempel, M., “Zur Frage des Dauerbru- 
ches: Magnetpulverbild und Dauerbruchanriss,” 
Mitt. Kaiser-Wilhelm-Inst. Eisenforsch., 21, 147 
162 (1939) 

24. Davidenkov, N., and Schewandin, E., 
“Uber den Ermitidungsriss,"’ Metallwirtschaft, 10, 
710-713 (1931). 

25. Stepanov, A., “Grundlagen der Theorie 
der praktischen Festigkeit,’’ Zeit. Physik, 92, 42 
60 (1934) 

26. Kuntze, W., ‘“‘Fragen der technischen 
Kohasion,”” Zeii. Metallkunde, 22, (8) 264-268 
(August 1930) 


27. Zener, C., and Hollomon, J. H., “Plastic 
Flow and Rupture of Metals,’ Trans. Amer. Soc 
Metals, 33, 163-215 (1944) 

28. Gough, H. J., “Crystalline Structure in 
Relation to Failure of Metals, Especially by 
Edgar Marburg Lecture, A.S.T.M., 
1933. 


29. Gough, H. J.,and Hanson, D., ‘The Beha 
vior of Metals Subjected to Repeated Stresses,” 
Proc. Roy. Soc., 104A, 538-565 (1923 

30. Ludwik, P “Uber die Anderung der 
Festigkeits Eigenschaften der Metalle bei 
wechselnder Beanspruchung,”’ Zei!. Metallkunde, 
11, 157-168 (1919) 

31. Ludwik, P., and Sheu, R., ‘Das Verhalten 
der Metalle bei wiederholter Beanspruchung,’ 
Zeit. Verein Deut. Ing., 67 (6), 122-126 (February 
1923) 

32. Liu, S. L., Lynch, J. J., Ripling, E. J., and 
Sachs, G., ‘“‘Low Cycle Fatigue of the Aluminum 
Alloy 24ST in Direct Stress,’ Tech. Rept. No. 4, 
O.N.R. (October 1947) 

33. Majors, H., Jr., as yet unpublished report 
in Plasticity Course 2.223, May 1943 

34 McAdam, D. Jr., Geil, G. and 
Jenkins, W. H., “influence of Plastic Extension 
and Compression on the Fracture Stress of Met 
als,’ presented at the Annual Meeting of the 
Amer. Soc. for Testing Materials (June 1947) 

35. Dushman, S., Dunbar I W and 
Huthsteiner, H ‘Creep of 
Applied Phys., 15, 108-124 (1! 

36. Eyring, H., ‘Viscosity, Plasticity, and 
Diffusion as Examples of Absolute Reaction 
Rates,"’ Jour. Chem. Phys., 4, 283-291 (1936). 


4 


ht 


No oF CYcLes 
TRANS.TEMP ar O 


+ 


+ 


The authors 


| 


Oe 


From this we 


SSS 


fore conclusions useful in design work may be drawn. 


* Union Carbide & Research Laboratories, inc. 


1948 


EFFECT OF FATIGUE ON TRANSITION TEMPERATURE 


TRANSITION Temp -° F 


Fig. 1 


143-s 


the Noted 
Cycles 
as 
4 
— 
| 


By applying the concepts previously outlined by the 
authors and associates, we may see that under the correct 
combination of restraint and cyclic loads a structure 
would fail in a brittle manner after a suitable number of 
stress reversals had been applied. In ordinary design, 
however, many times parts are subjected to maximum 
stresses considerably below the endurance limit, and 
— present design factors should be ample to assure 
safety. 

While it is realized that the present investigation is 
merely a start on the influence of cyclic loading on the 
transition temperature, more tests of specimens subject 
to zero stress reversals would be desirable in order to show 
the true difference between strain produced by single 
loading and by cyclic loading. According to the data, 
for samples stressed at 35,000 psi., 200 stress reversals 
lower the fracture strength approximately 70,000 psi., al- 


Authors’ Reply 


The authors would like to thank Mr. Swan for his in- 
teresting comments referring to their paper. 

The investigation described was of an exploratory 
nature and it was not possible to include in it a study of 
many of the different phases of the problem which now 
appear to be of interest. The main object was to deter- 
mine the order of magnitude of the effect of prior cycles 
of fatigue on the transition temperature of a low-carbon 
steel. The proposal as originally accepted by W. R. C. 
was confined to the influence of cyclic loading and the 
effect of single cycles, although also of interest, was be- 
yond the immediate scope of the study. 

Referring to Mr. Swan’s comments to tlte effect that 
cyclic loading below the endurance limit may not have 
an important effect on the transition temperature, the 
authors feel that it is too early to draw any such con- 
clusion. A total of 66 specimens was tested of which 16 
were used to establish the S-N curve and the 50 remaining 
specimens were used as final and pilot specimens in the 
slow-bend test (only the final test pieces being listed in 
Table 3 of the paper). Most of the latter were sub- 
jected to stress levels above the endurance limit, but in 
each case a continuous increase of the brittle transition 
temperature was found. In the experiments, extreme 
values were first tested, and then from the theory in the 
paper, the transition temperatures for intermediate 
values of prior cycles were predicted, and subsequent 
tests made to check the predictions. Table 3 of the 
paper shows that 2,000,000 cycles at 20,000 psi. (below 
the endurance limit) raised the transition temperature 
about 100° F. or as much as 20,200 cycles at 35,000 psi. 
(above the endurance limit). Sufficient material was 
not available to also explore the influence of prior cycles 
below the endurance limit to the same extent as above it. 
The preliminary results have indicated, however, that 
prior cycles below the endurance limit have also an im- 
portant effect. The authors are not prepared to agree 
that only the values below the endurance limit are of 
practical importance. In fact, in various case such as in 
the automotive field, the design more frequently calls for 
a finite life at stresses above the endurance limit. In 
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though the transition temperature is changed by op 
5° F. This large difference seems peculiar, and furthe 
tests at other stress levels are indicated. 

It is hoped that the authors will continue their 
with quenched and tempered steels of the type uses 
fatigue resisting applications. These steels in genera) 4, 
not exhibit the same embrittling phenomena as the simp 
steel chosen. 

The paper once again emphasizes the necessity j, 
widespread realization by designers that room tempen, 
ture physical tests do not truly evaluate the properties 
steels, but rather, that for each combination of restrain; 
strain rate, and temperature, there is a different behayig 
of the steel. The authors are to be complimented upg 
their fundamental contribution to a better understangdip, 
of some of the factors affecting such behavior. 


we 


addition, attention should be called to the fact that many 


Th 
machine parts and structures are commonly subjected to I as br 
more or less occasional overloads (above the endurance ¥% pavic 
limit) which cause damage to the material by raising the 7 The 
transition temperature to the extent shown by the pres Hi anc 
ent tests. It is perfectly true that the increase in tran- pote 
sition temperature at stresses below the endurance limit % <hall 
is not as severe for the same number of cycles as for stress 
levels above the endurance limit. Since parts designed 
at stresses below this limit are supposed to last indef- 
nitely, it is still possible that at a large number of cycles 
below the endurance limit, the changes in transition tem- T 
perature may be of a similar order of magnitude as those & jot 
found in the paper at stress levels above it. In fact, by posi 
extrapolation of Mr. Swan’s Fig. 1 at a stress level of 
20,000 psi. it would appear that 30,000,000 cycles may == 
possibly increase the transition temperature to very near Co 
room temperature as was found for the stress levels above A 
the endurance limit. B 

When, in addition to the effect of prior cycles of fatigue,  — 
it is realized that such factors as constraint (discussed in 
the authors’ paper in the January, 1948 issue of the !eld- c 
ing Research Supplement) and the others listed in Table | & let 


of the present paper also act to increase the transition 
temperature, it does not appear surprising that such 
brittle failures may occur in structures or machine parts, 
under low energy loads, even though designed by current 
standard methods. The most important feature is that, 
through the increase in transition temperature, the 
material of the structure may be in an unstable state such 
that brittle fracture may occur with little energy ab- 
sorption. 

The authors thoroughly agree with Mr. Swan’s com- 
ment that more information is necessary before con- 
clusions useful in design work may be drawn. They do 
not wish to overemphasize the degree of increase in the 
transition temperature for stress levels below the endur- 
ance limit since it was not possible in the present pre- 
liminary tests to as thoroughly explore this region as for 
the levels above it. Further experiments are required 
to definitely establish the effect below the endurance 
limit, although the present study indicates this to be im- 
portant also. 


we 
| 
ve) 
| 
ig 
4 
wes 
+ 
MARCH 
4 
“4 


by only 
furth 


“ll The Effect of Variation in Notch 


“nera] de 
1e Sumple 


“inl Severity on the Transition 


= Temperature of Ship Plate 


~— Steel in the Notched 
Bar Impact Test 


By R. S. Zeno and J. R. Low, Jr.* 3 4 


Introduction The standard V-notch and keyhole notch Charpy bars 


were prepared according to the tentative standard 

‘| \HIS investigation was made to determine the methods outlined by the American Society for Testing 
transition temperature of two ship plate steels for Materials. All specimens were finished by surface grind- 
various notch severities in the Charpy impact test. img to the final dimensions after shaping to approxi- 


Lt many The general plan was to vary the notch severity over ately 0.010 in. oversize. For test specimens 3, 4, 5 
~ 2 . ; and 6, the notch was machined parallel to the plate sur- 


‘cted to HMM as broad a range as possible, and thus bracket the be- 


lurance 
sing the 


havior of the material in terms of transition temperature. 
The notch-severity in these tests was varied by using 


face. The specimen length in all cases was in the rolling 
direction. 


The standard Charpy bars with the “‘infinitely’’ sharp 
notch were prepared in two steps. The first step con- 
sisted of machining a 45° V-notch of standard depth, but 


€ pres: MM standard Charpy specimens that ranged from square un- 
tran- notched bars to standard ‘“‘V’’-notch bars containing 


eras shallow fatigue cracks at the bottom of the notch. 
Stress 


esigned 
indef. Materials 
cycles 
“90 The material investigated were two lots of '/:-in. ship 
ie bp plate in the hot-rolled condition. The types and com- 
positions of the steels were as follows: 
vel 0 
y neat Code Type Cc Mn P S Si 
above A Semikilled 0.17 0.75 0.017 0.035 0.044 

B Semikilled 0.23 0.44 0.015 0.0385 0.06 
atigue, 
ssed in 
Weld- The steels hereafter will be referred to by their code 
‘able 1 #@ letters A and B. 
isition 
yor" Specimens 
urrent The series of specimens for which the transition tem- 

pe 


: that, peratures were determined were as follows: 

>, the 1. Standard Charpy bar, 10 x 10 x 55 mm., un- 
e such notched. 

y ab- 2. Same as (1) except double width (10 x 20 x 55 


mim.), 

com- 3. Standard keyhole notch Charpy bar. 
| Con 4. Standard V-notch Charpy bar. 
ey do 5. Standard Charpy bar with “infinitely” sharp 
in the notch. This notch was obtained by producing a 

ndur- shallow fatigue crack at the base of a V-notch of 
pre- standard depth. 
as for 6. A variation of (5) where somewhat deeper fatigue ; 
— cracks were produced at the base of the notch. 

a 
je im- * Research Assistant, General Electric Company Research Laboratories and F ig. 1—Typical Shallow Fatigue Crack Produced at the Base 


of Machined Notch. x 250 


Professor of Metallurgy, The Pennsylvania State College, respectively. 
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‘Fig. 2—The Fracture of a Standard Charpy, V-Notch, Zero 
Radius Bar, Showing the Shallow Crack at the Base of the 
Notch. 5!/2 


with as small as possible a radius at the bottom of the 
notch. The second step consisted of producing a shallow 
crack at the base of this notch on a Sonntag constant 
force fatigue machine. The average depth of all of the 
cracks produced was 0.013 in.; the cracks varied in depth 
from 0.010 to 0.019 in. Approximately 1500 reversals 
were required to produce the desired depth of fatigue 
crack in specimens from steel A and 900 reversals in the 
case of steel B. The type of crack produced is shown in 
Fig. 1, before, and, in Fig. 2, after fracture in the impact 
test. This type of specimen will also be referred to as a 
standard Charpy, V-notch, zero radius. Variations of 
this infinitely sharp notch were also obtained by produc- 
ing deeper cracks at the base of the V-notch. 


Impact Testing 


The impact testing was performed on a Tinius Olson 
Universal impact testing machine. The maximum ca- 
pacity of this machine was 240 ft.-lb., with a striking 
velocity of 18 ft. per second. All tests were made at this 
velocity. 

Testing temperatures were obtained with liquid baths 
as follows: 


1. —190° C. liquid air. 
2. —177 to —90° C., propane cooled with liquid air. 
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Table 1—Com 


Keyhole notch 
Unnotched double 
dth 


Unnotched single 
dth 


= 
ison between Energy-Transitio and 
ppearance-Transition Temperatures 


Fracture. 
Appearance. 


Transition Transition 
Steel Temperature, °C. Temperature, °¢ 


—65 to 0° C. dry ice and acetone mixture. 
4. 0 to 80° C. controlled temperature water bath, 


The test specimens were allowed a minimum time o 
15 min. in the bath to make sure that the entire specimen 
was at the desired temperature. 
remove the specimen from the bath, place on the Sup. 
ports, and break, varied from 3 to 5 sec., with the average 
time close to 4 sec. 

The standard Charpy unnotched specimens were 
placed on the supports as if a notch were present and 
parallel to the plate surface as were the double width un. 
notched specimens. 

A preliminary investigation of the effect of breaking 
direction on unnotched single width specimens at low 
temperatures (—190 to —115° C.) indicated that the 
breaking direction was not an important factor for the 
materials used. 


The time necessary to 


Results and Discussion 


The results are summarized in Table 1 and Figs. 3 and 


The points plotted in Figs. 3 and 4 are averages of at 
least three test results at each temperature. 
of the unnotched specimens (both single and double 
width) average values in the transition range and at 
higher temperatures have little meaning since the points 
at the 240-ft.-lb. level represent unbroken specimens. 
The value of 240 ft.-Ib. is used merely for convenience in 
plotting. Since the maximum energy of the testing 
machine failed to break these specimens the true energy 
to fracture could not be determined. 

The energy-transition temperatures given in Table | 
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i vere determined by estimating the temperature of great- 
st slope of the curves of average impact energy vs. tem- 
erature. 

The fracture-appearance-transition temperatures given 
» Table 1 were determined in the same manner as the 
nergy transition temperatures from plots of testing 
emperature vs. per cent fibrous fracture. — 

The comparison between energy-transition and ap- 
earance-transition temperatures given in Table 1 shows 
hat in a fewecases the two transition temperatures do not 
recisely agree. This difference is most marked in the 
ase of the standard keyhole specimen and in this case re- 
wits from the method chosen to define the energy-tran- 
ition temperature. The transition from completely 
rittle to completely tough behavior with this specimen 
enerally takes place in two stages. As the testing tem- 
erature is raised, there is, in general, an abrupt rise in 
nergy absorbed followed by a much more gradual in- 


bath. Hib rease which may be spread over a considerable range of 
ime of JMemperature (see, for example, Fig. 4). The per cent 
cimen brous fracture, on the other hand, changes in a more 
ary to Jegular manner over the same temperature range so 
e sup- phat the point of maximum slope in this case occurs at a 
verage fmomewhat higher temperature than in the case of the 
nergy vs. temperature curve. The agreement, how- 
were ver, is, in general, quite good for the two methods of 
it and [estimating transition temperature. . 
th un- The behavior of steels A and B, in terms of transition 
emperature was determined by varying the conditions 
aking f loading over as broad a range as possible by using 
it low fistandard Charpy impact specimens with various notch 
ut the -verities. It was found for both steels A and B, that 
ot the [iBthe order of the transition temperatures as a function of 


ondition of loading was as follows (Table 1): 


1. Standard Charpy V-notch, zero radius (most 
severe condition of loading, highest transition tem- 
perature). 

3 and 2. Standard Charpy V-notch. 

3. Standard Charpy keyhole notch. 
of at 7% 4. Standard Charpy, unnotched, double width. 
€ case 5. Standard-Charpy, unnotched, single width (least 


louble severe condition of loading), lowest transition tem- 
nd at perature. 

mens. A higher transition temperature under a more severe 


ice in M_eoudition of loading was anticipated at the start of this 
esting Jpervestigation. For the notched specimens, the state of 
nergy fmevess at the base of the notch is such that the shift to 
transition temperatures with increased notch 
ble | M—Beverity is to be expected. In addition, because of local- 
@zation of strain at the base of a notch, a notched bar is in 
eality loaded much more rapidly (in the critical region 
bt the base of the notch) than an unnotched bar for the 
fame impact velocity. 

The two effects, increased triaxility and increased 
Strain rate may in the worst case examined combine to 
hift the transition upward by as much as 170° C. A 
fomparison of the behavior of the standard V-notch 
10TH Bpecimen with that of the specimen containing a fatigue 
wiotn tack indicates that the standard V-notch specimen 
— losely approximates the most severe conditions of strain 
vewe gate and notch-severity which may be achieved in this 
bize specimen. The unnotched double width specimens 
ave a higher transition temperature than the unnotched 
Single width specimens. Increasing the width of an un- 
@otched Charpy impact specimen has the effect of in- 
freasing the transverse tensile stress at the surface. 
hus the unnotched double width specimen presents a 
wore severe condition of loading than does the unnotched 
Ringle width specimen, resulting in a higher transition 

temperature for the former. 
In addition to the five types of specimens just dis- 
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cussed, a limited number of specimens which contained 
somewhat deeper fatigue cracks was also tested. In this 
second lot of ‘‘pre-cracked”’ specimens, the fatigue crack 
was permitted to progress to a depth of approximately 
0.080 in. as compared to the first group in which the fa- 
tigue crack was stopped at approximately 0.013 in. depth. 

The results of the tests on specimens containing 0.080- 
in. deep cracks are shown in Fig. 5. Also indicated in 
Fig. 5 (by arrows) are the transition temperatures for 
specimens containing cracks 0.013 in. deep. It is evident 
that increasing the depth of crack has /owered the tran- 
sition temperature. This rather unexpected result may 
be explained by the fact that as the depth of crack is in- 
creased in a small bar such as the one used here, the dis- 
tance from the base of the notch to the back face of the 
specimen is markedly decreased (from 8 to 6 mm.). In 
notched bars of finite dimensions, the stress concentration 
factor is a function of the dimensions of the portion of the 
bar in back of the notch as well as the dimensions of the 
notch itself... Evidently then, for the particular speci- 
men used, the reduction in stress-concentration factor as 
the amount of material in back of the notch was reduced, 
was greater than the increase in the stress concentration 
factor which might be expected from an increase in the 
crack depth. 


Summary and Conclusions 


The impact energy-transition temperatures for two 
structural steels have been determined for variously 
notched bars. This was accomplished by using a series 
of standard Charpy impact bars that ranged from a 
simple unnotched bar to a bar containing a fatigue crack. 

The following conclusions appear to be warranted: 

1. As the notch severity of a standard Charpy impact 
bar is increased, the transition temperature rises. For 
the range of notch severity investigated the transition 
temperature was found to shift approximately 170° C. 

2. For the two steels investigated, the difference in 
transition temperatures between the steels (15 to 30° C.) 
is substantially the same for all notch conditions, this 
difference tending to be slightly greater in the unnotched 
specimens. 

3. The standard V-notch Charpy specimen ap- 
proaches very closely the most severe conditions of load- 
ing which may be imposed in the standard impact bar. 
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Extent Peening 


Introduction 


welding processes has been a topic of much contro- 

versy. Tosay that there is little information pertain- 
ing to peening would be a fallacy as technical libraries 
are reasonably replete with papers*on the basic princi- 
ples. However, peening, as a counterpart of welding, 
has suffered much criticism and misuse. The fusion, 
solidification and contraction of metal is common 
knowledge, as is cold working and recrystallization, but 
systematic application of peening to fusion-welded struc- 
tures has not been too well understood. 

This paper deals with the topic, ‘“Extent of Peening 
Weld Deposits for Stress Relief,’ the object being to give 
fundamental information to the people in the field who 
are actually in creative work. Numerous investigators 
have touched this topic before, perhaps to answer specific 
questions in the minds of the scientists concerned. It 
seems to the author that of the many questions which 
have been raised, the tantamount and most frequently 
asked one is: How much shall I peen and what variables 
are involved? Unfortunately and peculiarly, in our ac- 
cumulation of information about peening this question 
receives the least attention. To this end the author 
respectfully devotes this paper. 

Appreciation is extended to Prof. Gilbert S. Schaller, 
Mechanical Engineering Dept., for his technical advice, 
conference time and keen interest; to Prof. E. O. East- 
wood, Mechcanical Engineering Dept., for his academic 
guidance; to Prof. F. B. Farquharson, Engineering Ex- 
periment Station, for untiring patience, general research 
advice and making available the required equipment 
and materials; and to the many friends in welding prac- 
tice who have contributed numerous ideas. 


I: THE past the use of peening as an adjunct to 


Objective 


In dealing with matter, the first question Science asks 
is “How much?” Indeed, the answer is not always 
easy. It may become quite complex if not impossible. 
Most of the tools of the scientific field are measuring 
instruments or means of satisfying the ‘““How much” 
question. 

The problem at hand is one of measurement. Perhaps 
no other quantity having to do with welding and its 
multiplicity of variations is so indeterminate or elusive 
as that of how much a weld deposit should be worked 
with a peening tool to obtain stress relief in the joint, 
maintain dimensions in the over-all structure and cor- 
rect distortion in the structure. This is a huge field and 
the author does not purpose to cover all of it. 

The specific objective of this paper is to analyze the 
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known variables involved and from this present a play 
whereby the field welding engineer in charge of a welding 
operation may determine the amount of peening ». 
quired in a given situation. 

Peening is not proposed here as a “‘cure-all’’ sing 
most structures or assemblies will not require it. Hoy. 
ever, there are conditions where the welding sequeng 
will not adapt itself properly and only then does a mm. 
chanical method of stress relief become a valuable tool, 


Welding Metal! urgy 


When low-carbon molten steel is cooled, crystals wil 
first form at the intersection of the composition vertical 
and the liquidus line on the iron-iron carbide constitution 
diagram (Fig. 9). Under favorable conditions and con- 
tinued cooling the initially formed crystals attach addi. 
tional atoms from the melt and extend their axes in thre 
directions, corresponding to the three axes of a cube. 
When the temperature is reduced to the solidus curve all 
the metal is solid with the crystals equi-axed. In welt. 
ing and ingot making the tendency is strong toward 
columnar crystals since the cooling is progressively in on 
direction (Fig. 10). In any case of ordinary cast steel 
the grain structure is coarse, segregation is present and 
the ductility reduced (Fig. 11). 

Below the solidus and above A; the metal is a solid 
solution of iron and iron carbide. This austenite with 
face-centered cubic lattice, is the most plastic state of 
steel. In this locality on the equilibrium diagram, 
normalizing may be done for conditioning, annealing for 
softening, working for shaping and improving the phys: 
cal properties and quenching for hardening. 

On continued cooling nothing further takes place until 
the A; line is reached, where an allotropic change occurs. 
The face-centered cubic lattice transforms to _ body- 
centered cubic type and gains magnetic properties 
With additional reduction in temperature, ferrite , will 
separate from and locate itself at the austenite grail 
boundaries. Between A; and A,, the precipitation 0! 
ferrite from the austenite causes an increase in the carbon 
content of the latter. At A, on the diagram the austet- 
ite transforms isothermally to pearlite with carbon cot- 
tent of approximately 0.85%. 

The constituent, pearlite, is normally a lammellar 
structure with alternate plates of soft ferrite and hard 
Fe;C. 

The steel, slowly cooled to room temperature, is com- 
posed of ferrite and pearlite. 

To enhance the physical properties, rolling or hammet- 
ing of the cast steel above the critical range (Ay) may be 
applied, the resulting effect being to reduce the !argt 
grain to small and to homogenize the structure. Wher 
hot reduction is not desired, several alternatives ar 
possible: (1) annealing; (2) normalizing; (3) quenci- 
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ing and (4) cold working and recrystallizing. The choice 
of these will depend on the objective. In large castings 
wnnealing is frequently used for homogenizing, softening 
and stress relieving, with normalizing being used for 
conditioning the grain structure; quenching is commonly 
ysed in welding practice for grain refinement, stress re- 
lief and correction of distortion. 

Mild steel, 0.15 to 0.25% carbon, makes up the greater 
part of all structural shapes and plates encountered in 
welding, and is fine grained from ladle treatment and 
subsequent rolling. 

The primary requirement of a steel for welding is that 
it possess the properties necessary to serve its intended 
function. These properties are strength, ductility, im- 
pact strength, fatigue endurance, etc. Resistance to 
grain growth at fusion temperatures is of fundamental 
importance since grain siz¢ has a direct relationship to 
ductility. 

Steels, when heated above the upper critical, tend to 
sssume an increased grain size. This tendency depends 
upon: (1) the prior history of its manufacture, such as 
furnace practice, alloy content, etc.; (2) the time above 
the A; and (3) the maximum temperature attained. 
The heating effect from nonpressure fusion welding is 
conducive to granular enlargement adjacent to the de- 
posited metal. Figure 12 is typical of this condition. 
[he weld deposit is characteristically coarse as shown in 
Fig. 11. The fine-grained parent metal as received from 
the rolling mill is shown in Fig. 13. 


Fig. 1—Apparatus for Measuring Peening Effort of Ham- 
mer and Tool 
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In the matter of grain refinement, there are four pos- 
sible methods by which this may be obtained: (1) 
normalizing; (2) multiple pass deposition; (3) hot 
peening and (4) cold peening and recrystallization. 
Normalizing (1) is often impractical and expensive in 
welded structures. Multiple pass deposition (2) em- 
braces the principle of heating to just above the A; tem- 
perature and allowing to cool. The grain, when heated 
through this range transforms from coarse alpha to fine 
gamma. If the temperature is reduced through the criti- 
cal range, the reverse transformation will give fine alpha 
grain. This fine structure forms in all mild-carbon steel 
(parent plate and weld deposit) at approximately 900° 
C. The mechanism of this refinement is depicted graphi- 
cally in Fig. 14. Hot peening (3) is analogous to hot 
rolling and forging with its usual enhancement of-physi- 
cal properties, but may be used only on the weld deposit. 
Cold ‘peening is conducive to deformation and fragmen- 
tation of the grain structure (Fig. 15). This method in- 
creases the hardness and reduces the ductility, but if 
recrystallized at some temperature below A, it produces 
a fine structure. Cold peening is also limited mainly to 
the weld deposit. 


Peening Weld Metal 


The use of peening for stress relieving a welded joint 
and maintenance of dimensions enbodies the principle of 
cold and hot working of metal. Although certain metal- 
lurgical improvements may be derived from this opera- 
tion, it usually is incidental to the job with plastic move- 
ment from hammer impact being paramount. 

Frequently disagreement among authorities originates 
as to the relative merit of cold and hot working a weld- 
ment. The following are the important advantages of 
each as the author understands them: 


Fig. 1(A)—-Holding Jig for Deformation Strip 
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Fig. 2—Deformation Strips 


Hot Work 
Higher plasticity. 
Granular refinement above As. 

Reduces likelihood of cracking from the operation. 


Cold Work 

1. Ease of temperature control. 

> 2. High strength of peened metal. 

a 3. Thermal shrinkage occurs before peening. 

4. Granular refigement from recrystallization. 

5. Convenience. 

va The condition of mild steel above the critical zone is 
F that of low strength and high plasticity. Gamma is plas- 
ie tic, owing to its inherent FCC unit cell organization and 
“ss with the extent of this condition depending upon the 


temperature in the gamma region. Working at this tem- 
perature and just exceeding the upper critical zone will 
be conducive to a true, hot-worked, refined grain struc- 
ture. This is a stark truth but hardly gives the full pic- 
ture. Stresses for mild-carbon steel drop to an unappre- 
ciable magnitude in the neighborhood of 1100° F. What 
then becomes of the thermal contraction between the 
temperature of 1100° F. and that of ambient? This will 
be a tremendous span of approximately 1000° F. through 
which the structure will be distorted or stresses elasti- 
cally accumulate, and which frequently spell disaster. 
More often than not, a weld deposit will exhibit ex- 
treme temperature gradient between the beginning and 
end of the completed bead. In manual arc welding 
there is little opportunity for even an approximate con- 
trol of the temperature distribution, consequently the 
hammer work may be anywhere from cold plate tempera- 
ture to the maximum attained. Little uniformity could 
be expected under these circumstances. However, 
there may be room for thought toward the use of peening, 
if desired, immediately following or attached to the Fig. 3 (A)—Restraining Jig (Back) 
mechanism of an automatic welder in such a manner 
that temperature gradient would be in the required 
amount to hot work the head. 
An equivalent job, if not superior, may be obtained — ELECTRODE 
by working at ambient temperature where full thermal 
contraction has occurred and expended in distortion, 
plastic flow or elastically locked load. The last-men- dere PENETRAT/ON 
tioned type of reaction is dangerous but may be miti- pote 
‘gated by peening. A twofold refinement can be accomp- ATTN 
lished by cold working and multiple-pass technique. ‘. 
The principle of crystal extension by deformation be- 
low the crystallization temperature is well known by WELDING 
metallurgists but the role it might fill in stress control 
and enhancement of physical properties has not been too +PEFENING TOOL 
well examined by welding engineers. Misconceptions 
and misinterpretations of results obtained by cold work- 74 PEENING PENETRAT/ON 
ing has in all probability originated in lack of sufficient Gs 


knowledge and to preconceived ideas as to the limitations 
of the method. Formerly it has been almost impossible 
to analytically survey stresses from welding due to their 
complexities and to the multiplicity of variables en- _ PEENING 


countered. Present-day developments in measuring de- Fig. 4—Sketch of Weld Shrinkage and Relief Peening 
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vices and extended experience in welding applications is 
-ontributing to improved results. 

Distortion from hammer action in mild-carbon steel 
manifests itself microscopically as a flattened ferrite 
constituent, and physically as increased hardness, tensile 
strength and reduced ductility. The heating effect of 
subsequent passes in the weld yield a more or less utopian 
structure in that: (1) the heat of fusion of the subse- 
quent pass penetrates the distorted crust and restores 
the former ductility; that is, the heating curves traverse 
the recrystallization range and convert the distorted, 
stressed ferrite grain to a number of newly formed, soft, 
relaxed grains; (2) attainment of temperatures above 


Fig. 5—Chart from A.-C, Bridge 


the A; on the iron—Fe;C constitution diagram will give 
a transformation product of further granular refinement; 
3) a structure of heterogeneous character will obtain 
from temperature gradient in the, weld deposit. With 
lack of control in the heat distribution inherent in the 
present-day processes, soft regions intermingling with 
ever-present harder ones, will be conducive to a compos- 
ite joint of more reliable nature; (4) fusion and rede- 
position of all surface flaking, incipient fragmentation 
and hammer scars. 

_ In ciréumstances where the peening of finish passes 
is mandatory for sake of dimension and shape integ- 
rity, the cold work at ambient temperature is particularly 
advantageous, as the temperature required to recrystal- 
lize the work-hardened surface will be considerably re- 
duced. Increased peening temperature bel6w A, re- 
quires a corresponding increase in recrystallization tem- 
perature. The lower temperatures of recrystallization 
promote smaller grains with their enhanced tensile 
strength and ductility. 


Peening Action 


Cold work as generally applied to metal consists of 
rolling, pressing, bending, pulling, peening, swedging, 
ete. Any of these methods, regardless of their nature, 
if in sufficient magnitude to impose a unit stress above the 


| yield point of the metal under consideration, will yield 


permanent deformation of the grain structure. This 
new shape will not be shared alike by all crystals in the 
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Fig. 6—Bend Tests 


vicinity of the deformation for the following reasons: 
(1) the grains are dissimilar in their physical existence, in 
particular hardness;. (2) the energy of deformation may 
be expended before reaching considerably into the inter- 
ior of the metallic body and (3) grain size may not re- 
spond to mechanical reduction. 

Of the several methods mentioned which may be used 
for cold work, all may be used for hot work. The essen- 
tial difference is in the metallurgy involved and the re- 
sults produced. For the former, the physical properties 
generally will not be changed; for the latter, crystallo- 
graphically, the action will be less drastic. Plastic flow 
will follow the paths of least resistance, particularly in 
solid solution austenite, the crystals of high atomic mo- 
bility will roll or forge with comparative ease, reforming 
with finer, equi-axed grain of ferrite mechanically rein- 
forced with cementite. At ambient temperature it will 
flow stubbornly, the movement occurring primarily in 
the ferrite, and in proportion to the FesC present, and the 
force applied. 


Fig. 7—Battery-Powered Bridge 
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Fig. 8—A.-C. Bridge 


Hammer peening, either hot or cold, adapts itself to 
welding jobs because of its convenience, availability and 
suitability. Almost invariably, this operation is per- 
formed with a pneumatic hammer not unlike those com- 
monly used to chip and calk. The energy necessary for 
plastic flow is imparted to the peening tool whose shank 
end is rapidly and-successively struck by an air-impelled 
ram. The energy of compressed air expanded in the 
hammer is converted into kinetic energy of the ram 
by virtue of its velocity, is transmitted through the 
body of the tool to the nose of the tool, and finally evi- 
denced as distorted crystal lattice and a temperature rise 
in the metal. The heat of surface friction, with its in- 
crease in temperature, is never great enough to cause an 
appreciable amount of recrystallization. 

The energy of the ram may be computed from the basic 
relation = MV?/2g, where V (velocity o& ram) is 
dependent upon the hammer cylinder air pressure. Ham- 
mers are designed with the needed amount of mass to ab- 
sorb the ram reaction and the only ‘thold-on’’ effort re- 
quired of the operator is that necessary to keep the tool 
properly engaged. Any holding effort beyond this 
amount does not increase the amount of work accom- 
plished, the latter being a function of K.E£. delivered per 
stroke and the striking frequency of the ram. Tool 
shapes and sizes and hammer calibration will be discussed 
elsewhere. 

A more recent type of hammer, electrically energized, 
and embracing the pneumatic principle, may be satisfac- 
torily used for weld peening. It has the advantage of 
more common availability of 115-v..a. c. than suitable 
compressed air but a slight disadvantage of lower K.E./ 
weight ratio. 

Peening weld deposit for stress relief, dimensional sta- 
bility and physical improvement involves the plastic 
movement of metal. This is accomplished by the several 
afore-mentioned methods. Vibration and impact are 
held by some authorities to be effective in stress relief, 
although elsewhere in this paper are to be found experi- 
mental data indicating otherwise. It also may be 
pointed out that there are numerous applications of the 
stress-fitted joint which carries an impact load and re- 
mains steadfastly in this stressed state until disjoined. 
Some common examples are locomotive tires, crusher 
rims, the old-fashioned wagon tire, bearing cones, taper 
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shaft fits, turbine wheels, etc. Proponents of yib;,, 
tion stress relief have, with a degree of confidence, jn the 
past pointed out that regardless of erection and weldin, 
sequence, ‘‘a welded steel ship weathering a blow withoy 
structural failure would be virtually insured against j,i, 
ure thereafter.’’ Unfortunately, a review of our mag. 
time records shows otherwise. In the average range ¢j 
temperatures, steel will not appreciably plastically fio, 
from vibrational sources of energy nor from impag 
under proper conditions of design. 

When energy is transmitted to the nose of the peening 
tool in contact with metal, the effect is indentation, a¢. 
suming the tool to be substantially harder than, for’. 
ample, mild-carbon steel. For all practical intent an, 
purpose, steel is incompressible, therefore the displace 
metal will necessarily have to assume a new position 
elsewhere. On the basis that it will subscribe to the neg;. 
est position, by the least impeded route, it will flow from 
the tool to: (1) be upset, if confined; (2) extend , 
member to relax an elastic load and (3) be driven inwar) 
forming a wedge action. 


Heat Input, Distribution and Behavior of Steel Unde; 
Manual Fusion Arc-Welded Conditions 


Heat, when applied to steel will increase the tempera. 
ture and volume of the piece. The heat energy will bk 
transmitted to the outermost extremities of the body and 
be dissipated to the surrounding air. The fundamentul 
principles of heat effect are well understood, but the 
analyses of the almost unlimited number of combinations 
of possible conditions caused therefrom is extremely 
complex. This is largely chargeable to the fact that th 
great volume of fusion arc welding done is a manual 
application, and likewise it is true that so-called ‘‘auto. 
matic’ are welding has certain variables involved, the 
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Fig. 10—Macro Etch of Weld 


proportion depending on how ‘much human element is 
necessary to its satisfactory performance. 

Heat input of an electric welding arc is evaluated by 

physicists im joules, by the engineer in watt-seconds and 
by the field operator in amperes. These units are all 
equivalent inasmuch as the field manual operator knows 
that his average voltage is 28 to 32 v., the product of 
volts X amperes X seconds = watt-seconds, and watt- 
seconds are directly convertible to joules. To present a 
complete picture of heat effects there must be considered: 
(1) conductivity of the base metal; (2) intensity of the 
heat source and rate inducted; (3) geometry of structure 
and possibility of great or small dissipation to ambient 
atmosphere; (4) mass of base metal; (5) speed of travel 
of electrodes; (6) nature of flux coating and (7) geometry 
of joint, ete. Little may be done to study behavior until 
certain fixed or closely controlled conditions are im- 
posed. 
Of the several factors mentioned, some will have an 
averaging or compensating action and tend substantially 
toward a constant nature, such as are length, voltage, 
chemistry of base metal, etc. Other of the factors will 
fall in the category of being quantitatively controlled 
(mass of base metal, typ@of flux coating, etc.) and the 
remaining ones will be difficult, even elusive, to evaluate 
(dissipation to surrounding atmosphere, speed of travel, 
etc.). 

From the viewpoint of peening for plastic flow, it is the 
experience of the writer that of the known variables, heat 
input in joules, thickness of parent metal and speed of 
travel of electrode are the most potent in their influence. 
Generally in field practice, little thought is given by the 
operator to the possible effect of increased or decreased 
heat input to the base plate, except for electrode perform- 
ance. However, in all fairness to the average welder, it 
need not be expected that his thinking go much beyond 


Fig. 11—-Coarse Cast Steel «500 
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this point. 
struction sequence of greatest effectiveness will have the 
deepest concern about field procedures, especially heat 


The engineer endeavoring to arrange a con- 


input where the plan embraces impact peening. To se- 
cure the full cooperation of field welding supervisors in 
following the plan may in some cases be difficult but 
nevertheless, necessary. 

For each class and diameter of electrode there is a heat 
input value giving the optimum performance (penetra- 
tion, freedom from porosity, smoothness of application, 
etc.). This value is best determined by burn-off rate 
since irregularities such as lead length, line voltage and 
machine setting discrepancies will be present. To utilize 
this unit of heat input (inches electrode burnt/minute) 
will rectify these unpredictable factors in addition to 
being able to make the determination with only a watch 
and rule. The same class of electrodes from a brand 
will vary somewhat in heat requirement from those 
of another brand of the same classification, therefore, the 
recommended burn-off rates of the manufacturers should 
be followed. The determination of a burn-off rate is 
made by measuring in inches the initial length of the elec- 
trode to be uséd, welding a definite period of time and 
measuring the unused portion of the electrode. The dif- 
ference between the initial and final length of electrode 
will be the amount consumed in the time between the be- 
ginning and end of the test. These data may then be di- 
rectly converted to inches/minute. 


500 


Fig. 13—Fine-Grained Parent Metal 500 
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¥ Fig. 12—Enlarged Grain of Parent Metal Adjacent to Weld. 


Mass of metal, in its influence, is obvious and needs 
little discussion. The heat conductivity of steel is ap- 
proximately a thousand times greater than that of air, 
consequently the ambient atmosphere need not be con- 
sidered for the present purpose, except as it influences the 
initial temperature of the base metal. The latter tends 
to assume the temperature of the surrounding air. Inso 
far as heat dissipation from the weld is concerned, heat 
loss to air will play a minor role. 

Speed of travel of electrode is significant in that it is 
directly related to heat input. With a given burn-off 
rate, travel speed .and plate thickness, the isothermal 
pattern will be of a particular size and shape. With the 
same burn-off rate and plate mass but different travel 
speed, the pattern will be changed. Results of the au- 
thor’s experimental work in this field have caused him to 
conclusively form the opinion that the size and shape of 
the heat pattern will determine whether or not stresses in 
structure may be relaxed by peening methods. Fora 
given hammer, tool size and shape there is a maximum 
jixed amount of plastic flow which may be obtained. Fur- 
thermore the depth of crystal deformation is fixed in a 
given condition. Generally it is thought that the limit of 
deformation is fixed by the thicknéss of the weld bead. 
Actually this is not true but is determined by the heat 
pattern induced in the parent metal or prior weld passes. 
This may be proved by restricting a plate, attaching 
SR-4 gages (to be discussed elsewhere), and heating a 
transverse zone with a carbon arc or oyxacetylene torch. 
No metal is added, however a heat pattern will be formed 
with resultant shrinkage, the amount depending upon 
maximum temperature, heat input and speed of travel. 

The heat input will vary in some manner with the size 
of bead or inversely with the longitudinal travel speed. 

When molten metal solidifies, the crystalline body 
formed continues to cool more or less rapidly down to 
plate temperature. According to physical laws govern- 
ing cooling in steel, its volume will decrease slightly by 
contraction with decrease in temperature. Steel in this 
state of cooling will not gain a substantial amount of 
strength until it is in the vicinity of 1200° F. This tem- 
perature is commonly used for stress relieving and the 
yield strength is thought to not exceed 5000 psi. 

Under rigid restrdint, if a small volume of metal is in- 
creased in temperature so that its yield strength is ex- 
ceeded from thermal expanding tendencies, it will be 
upset (Fig. 4). Plastic flow, in this case, will be in any 
direction that is free to the movement. Shrinking of 
plates to correct distortion is a common example of local 
upsetting. Here the plastic movement is normal to the 
plate surfaces. With subsequent cooling, contraction 
and increase in tensile strength the plate becomes a ten- 
sile member. The purpose of torch shrinking is to ab- 
sorb surplus metal by upsetting action representing a dis- 
torted region. 

A similar shrinkage is manifested in welded joints pro- 
ducing longitudinal stress or longitudinal distortion. 

If the mass is great enough so that there is consider- 
able thickness opposite, it will act as a restraint to cause 
the joint to assume a gradation of stress, the greatest 
stress being in the region of greatest plastic flow. In 
lighter plating, the heat gradient is less steep from back 
to front of weld, the heat being conducted a farther dis- 
tance away from the joint, and the weld shrinking uni- 
formly in the plate plane with no tendency to angular dis- 
tortion. This principle is one of the outstanding features 
of submerged are welding in which single-pass joints are 
advocated for best results. 

Great mass, on the one hand, will lend itself to creat- 
ing stress with the greatest amount in the last passes de- 
posited. The lighter weights of plating, on the other hand, 
having lesser angular tendencies with transverse stresses 
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Fig. 14—Graph of Grain Growth 


transmitted to the plate forming an elastic tensile mem. 
ber. Inthis connection cold peening has great value. lj 
weld beads deposited in heavy plate joints may be peened 
to obtain plastic flow and prevent angular distortion an¢ 
general stress accumulation. Lighter plating and sheets 
joined by welding and peened should have adequate sup. 
port opposite the hammer to prevent the possibility of 
damage from cracking an unfinished joint. Great heat 
input in the deposition of electrode will cause considerable 
upset which may not be offset by the subsequent peening 
Therefore lighter beads and higher electrode travel speed 
(reduced heat input) are favored if distortion is to be 
minimized. 

In this paper it is not proposed to evaluate the long- 
tudinal stresses although such a state of stress is fully 
recognized. It is a thought of the author that these may 
be more advantageously countered through thermal 
treatment. If conditions are such that heating methods 
are impractical, a worthwhile compromise may be ob- 
tained by peening to relieve the transverse stress to a 
uniaxial condition or biaxial, at the most. Triaxial 
load, characteristic of shrinking weld deposit in the 
heavier joints, is frequently troublesome since it precludes 
any great amount of plastic flow. Often heavy plating 
is to be joined by nonpressure fusion welding but not so 
arranged that free movement can be allowed or that pre- 
heat can be used. It is to these unusual problems that 
the author believes cold mechanical peening can be ap- 
plied with success. 

The experimental data in Table 1 were derived from 
apparatus shown in Fig. 3. It consists primarily of a 
7/s-in. plate serving as a restraining member. Two °/+ 
X 6 X 6-in. mild steel plates were beveled, fitted to form 
a 60° single-V joint with backing strap, and */,-in. root 
opening. The outer ends of the assembled plates were 
securely fillet welded to the restraining member. 

An SR-4 strain gage was applied in such a manner 
that its attachment was not directly to the restraining 
plate but to a '/4- X 1%/;-in. piece of mild steel flat stock. 
The flat bar, serving as a gaging member, was securely 
and rigidly attached to the bottom of the restraining 
plate with screws and tapered pins (Fig. 3 (A)). A re- 
cording bridge made a permanent record of all stress 
variations as the welding and peening progressed. A 
typical chart is shown in Fig. 5. A to B on the chart in- 
dicates the deposition of bead number 1. There were 
electrical disturbances present in the gage circuit causing 
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q small amount of vibration in the inking needle during 
the actual welding operation. These disturbances 
proved to be a real convenience since they gave the time 
record of welding without using a stop watch. 

The curve from A to B shows that for a moment after 
striking the are of A the plates were in compression. 
Thereaiter they were in tension from normal shrinkage. 
The zero line is 200. B to C is a typical cooling and 
shrinkage curve. C to D is the curve derived from the 
pening action. It will be noted that the joint was 
peened to a point below zero stress. E to F and G to H 
are the deposition and peening, respectively, of the sec- 
ond bead. J indicates that the zero line was changed 
from 200 to 400 by manipulation of controls on the bridge. 
] to K is the deposition of bead number 3. L is a zero 
change from 400 to 600. M to N is the peening of bead 
number 3 showing that the curve returns to 600 which is 
the zero stress condition. The zero change at J and L 
have nothing to do fundamentally with the test except 
that by relocating the zero line the curves are more con- 
veniently placed on the chart. 

All bead deposition was started at room temperature. 
Likewise, all peening was performed at room temperature. 
It is to be borne in mind that this apparatus was not de- 
signed to record actual stresses but merely an accurate 
guide to zero stress in joint being peened. 


Table 1—Peening Required for Stress Relief 


Electrode 
Peening Speed, 

Test No. Bead No. Min./In.? In./Min. 
1 1 1.25 2.0 
2 1 1.66 5.0 
2 2.0 4.0 
3 1.87 3.0 
3 1 1.67 5.3 
8 2 1.5 4.0 
3 1.5 6.0 
4 2.0 8.0 
5 1.2 4.8 
4 1 1.5 4.8 
2 1.2 5.0 
3 1.5 6.0 
4 1.2 4.8 
5 1.0 4.0 
6 1.5 . 6.0 
7 1.5 6.0 


*/s-In. plate, 60° single-V root. 


200-amp, */;.-In. E6010 elec- 
trode. 


The author believes that plastic flow from cold peening 
leaves the joint in a state of stress to a degree. However 
all joints made in apparatus described above showed ex- 
cellent tensile strength with ample ductility to meet 
standard bend tests (face and root) (Fig. 6). It might 
be mentioned that most authorities agree that residual 
stresses are not serious conditions in so far as usefulness 
is concerned, provided that they are of uniaxial nature or 
mildly biaxial. It has been pointed out in this paper 
that reaction stresses’ may lead to structural failure, par- 
ticularly in structures of considerable dimension. Along 
these lines, peening has its most valuable application, 
that is, maintaining the designed size of the combined 


members and eliminating the accumulation of elastic 
stress. 


Hammer and Tool Rating Apparatus 


_ Questions frequently raised in connection with a peen- 
ing operation are: (1) What shape and size of tool should 
be used? (2) What size hammer would be suitable? 
(3) What are the important variables in the hammer? 
These pertinent questions are too frequently answered 
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with opinions. Since opinions are at best not too reli- 
able, although given in all sincerity, the author felt that 
there was a necessity for devising a method of measuring 
the peening effort of a hammer with tools of different 
sizes and shapes. 

Observing the effect of surface cold working a piece of 
steel by any method whatsoever, one will detect deforma- 
tion, common examples being the swedging of a struc- 
tural shape flange and the machining of a keyway in cold- 
rolled shafting. In the one case, stress is induced to ob- 
tain distortion, and in the other, the symmetry of the 
bar is disturbed by partially relieving stress on the one 
side. Utilizing the principle of the former case, it 
seemed that mechanical properties of hammers and ef- 
fectiveness of various tool sizes and shapes could be ac- 
curately obtained. Founded on this method of reason- 
ing, the author took the privilege of making the follow- 
ing postulations pending subsequent proof: (1) the 
‘“hold-on”’ pressure of an electric or pneumatic hammer is 
not a factor in the performance of same, regardless of 
magnitude or variation thereof; (2) the “hold-on’’ pres- 
sure must be nonrigid and (3) the peening effort is de- 
pendent upon the impact value of the striking ram in the 
hammer. 

Apparatus for this work is shown photographically in 
Fig. 1. It will be noted that the vertical members and 
upper horizontal serve as a female part of the hammer 
guide. The male part, consisting of a piece of round 
stock welded to a suitably shaped clamp which is at- 
tached to the hammer handle, is the axis of the guide 
being coincident with the axis of the hammer barrel. 
An elastic “hold-on”’ load is applied, simulating human 
effort, by the two calibrated coil springs shown. 

The lower part of the apparatus consists primarily of a 
jig to loosely but accurately hold a calibration ‘strip in 
place on an anvil. Provision for imposing varying 
amounts of spring tension on the hammer was obtained 
by shimming the anvil plate up or down tosuit. Knowing 
the calibration data of the springs, the hammer load 
(“hold-on’’) was evaluated at all points of spring exten- 
sion. 

The first test data taken were to prove or disprove 
postulation number 1. The jig was designed to peen 
the center region of a 12-in. length of '/,- & 1°/,-in. mild 
steel flat bar. The peening surface was confined to 1'/» 
X 1'/2 in. area by appropriate guides and distribution of 
work was done by manual actuation over a time lapse of 
30 sec. In the initial tests there was an indication that 
inertia of the unsupported ends of the calibration strip 
was causing erratic results. Consistent results were ob- 
tained by using a 6-in. length instead of 12-in. and lami- 
nating by placing two pieces in a contiguous manner, 
welding all around and grinding to size. This type of 
strip magnified the deformation and was more easily 


Table 2—Hammer ‘Hold-on” Pressure 


Deformation 
Total of Calibration 
Piece No. Spring Load Strip, In. 
A-1 51 3/s9 
A-2 51 3/s0 
B-1 55 3/39 
B-2 55 3/30 
B-3 55 3/s9 
C-1 59 3/39 
C-2 59 3/39 
X1-A 56 3/39 
X1-B 56 
X2-A 66 
X2-B 66 
X3-A 72 3/39 
X3-B 72 3/30 
X3-C 72 3/59 
155-s 
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Fig. 15—-Peened Weld Metal «500 


read. The deformation of the calibration strip was de- 
termined by placing the peened strip on a flat surface, 
arch up, and measuring the amount that the strip de- 
formed away from its initial straight line. Of the great 
volume of data taken under these tests, the following are 
typical: . 

A few of the deformed strips are shown in Fig. 2. 

It is obvious from the data in Table 2 that only a 
nominal amount of holding effort is required for the 
operation of a hammer and any additional amount will 
be unnecessarily tiring to the operator. The hammer 
being a device designed to strike a certain blow, based on 
K.E. = “MV*/2g, the body of same will react, moving 
slightly away from the tool. The nose of the hammer 
must be returned to the shoulder of the tool before the 
following stroke, otherwise the distance traveled by the 
ram would be incorrect and less effective. Practically all 
the striking reaction is absorbed in the designed mass of 
the hammer body. When working in the overhead posi- 
tion, the weight of the hammer must be offset by the 
mechanic, therefore this position is avoided wherever 
possible. 

The same apparatus was used to compare tool shapes 
and sizes. Identically the same routine was followed 
except for different tools. Table 3 typifies the results 
which indicate that the smaller surface of the end in con- 
tact with the metal being peened makes a deeper inden- 
tation and approaches a wedging action. The wedging 
effect is thought by the author to promote more rapid 


plastic flow. This thought is supported by data in Table 
3. 


Table 3—Tool Sizes and Shapes 


Deformation of 


Marking Calibration Strip, In. 


Size, In. 


R = (spherical) 


BB R = 4/,¢ (spherical) /16 1/16 1/16 
R = '/, (spherical) 3/64 3/64 3/64 
DD Diam. = '/, (flat) 1/50 


Larger diameters of tool sizes produced less deforma- 
tion in the test strips. It is important to point out that 
tools of sizes used in this experiment might not be suit- 
able for use with a smaller or larger hammer, but the 
trend developed in these results would be the same. 

In a similar manner this deformation principle may be 
used to calibrate on an operation where many hammers 
of the same weight class are being used. In the future, 
if control is to be exercised over peening, such a measur- 
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ing device will be required to classify hammers and took 
and check response of different steels to impact indents. 
tion. 

No method of correlation was devised for comparig, 
hammers of different impact values since to do so wou, 


have required the services of several sizes of hammer test Se 
However, a simple method is suggested herewith. 
Use apparatus similar to Fig. 2 to obtain optimy, : + 
peening effect. The factors to be fixed would be: () back 
air pressure; (2) tool size and shape and (3) unit peening ei 
effect (min./in.”). For reason of uniformity in 
all operators would necessarily have to peen with th one * 
same throttle opening. To accomplish this point, it ma - Wi 
be suggested that a fixed restriction be placed in the ai i 
passage in the hammer handle behind the air valve, ay ll 

require that all operators peen with throttle fully open . oa 
With electric hammers this problem is obviously jo», aad 
existent. 
After items 1 and 2 referred to above are fixed and uni ne 8 
peening time, 3, is obtained from restrained plates ay ioe 
SR-4 gages, as illustrated in Figs. 3 and 3 (A), the sam loadin 
hammer and tool is placed in apparatus Fig. 1| and gy. hown 
eral deformation strips made. This will give a deform, self ec 
tion value for that hammer and air pressure, a value tok of as 
used as a standard of reference thereafter. power 
onaTt 

Resistance Wire Strain Gages <— 

In this paper, where the experimental work required ne 

the measurement of strains, the resistance wire strain »y " 
gage was adopted. Several points of merit recommended | 
its use: (1) accuracy of measurement; (2) ease of ap. Fo 
plication or installation; (3) its size (as compared t desct 
mechanical extensometer makes it suitable to gaging in and 
close quarters); (4) its size makes it adaptable to small vibré 
members and (5) its sensitivity to small é¢ncrements oi = 
strain. In addition to these features, the manufacturer a 

has provided quite a range of instruments to record the ws 
reactions of the gage when in use. These instruments In 
considerably enlarge the versatility and field of applica. mov 
tion in gaging loaded members. in F 
The principle embodied in the wire gage is according stru 
to the physical law that if a wire conductor is elongated, be | 
its cross-sectional area is decreased and the electrical re- gage 
sistance is increased. To measure small strains, the pen 
wire, suitably shaped, is attached to the member that is late 
to be loaded. The zero load condition of resistance is T 
measured with a Wheatstone bridge; likewise the subse- stré 
quent resistances which exist at the various loads. The int 
arr 
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adings may be converted to extension in inches, but 
srdinarily the bridge is calibrated to read directly in 
ro inches of extension per inch. In the case of steel, 
the physical properties of the particular material under 
vest would have to known in order to calculate the unit 
stress from the extension readings. 

The wire gage being used is a patented device manu- 
‘actured by the Baldwin Locomotive Works and is 
known as SR-4. The wire used is metered in length, 
formed into the shape of a grid, and cemented to suitable 
base paper. Cupro-nickel and Elinvar are the two alloys 


used for gage wire, the former being adaptable to testing 


involving sustained loads over a relatively long period of . 


time. The latter is used for rapidly varying loads of 
shorter duration. Where strain determinations are to be 
made, the gage is cemented on with the grid wire longi- 
tudinally with the direction of extension to be deter- 
mined. The two ends of grid wire are suitably connected 
to the bridge for instrumentation. 

There are numerous variations in which the results of 
loading are recorded. The most simple arrangement is 
shown in Fig. 7. This bridge is powered with dry cells, 
self contained, electronic and reads directly the results 
of a single gage. Figure 8 is an electronic instrument, 
powered with 110 v. a. c., and makes a permanent record 
on a rotating chart. Used alone, it will accommodate a 
single gage. 

For the application of SR-4 gages and either of the 
above bridges, an instrument has been made available 
by the manufacturer with which up to 48 gages may be 
used in a single test. 

For use in testing rapidly varying loads, the bridges 
described above would be inadequate. The oscilloscope 
and oscillograph are required to record results of loaded 
vibrational members, machine parts or other rapidly 
moving parts. SR-4 gages are mounted on the members 
being tested and appropriate electrical connections made 
to the recording or indicating instruments. 

In welding and peening application where mechanical 
movement is not appreciably present, the bridges shown 
in Figs. 7 and 8 are suitable. If several points in the 
structure are to be gaged, a multiple contact switch will 
be necessary. It may be mentioned here that SR-4 
gages are not highly heat resistant and cannot be de- 
pendently used in excess of 200° F. (600° F. for some of the 
latest designs). 

The chart shown in Fig. 5 is an actual continuous 
strain record taken from a welding and peening operation 
in restraining apparatus in Figs. 3 and 3(A). This is an 
arrangement designed by the author and successfylly 
used to measure stress caused from welding and to meas- 
ure the rate of disappearance of the stress from peening. 
The experiment was on a restrained plate, 60° V butt, 
and welded in three passes with */;. in. E6010 electrode at 
200 amp. Each pass waspeened. BC indicates cooling 
(with increase in tension); CD indicates peening (200 is 
the zero condition); EF indicates second pass; GH indi- 
cates second peening; H new zero at 400; JK indicates 
third pass; L, new zero at 600, and MN indicates peen- 
ing third pass. The chart rotates once in 24 min. In 
this apparatus the SR-4 was attached to the back of the 
restraining member and was not used for direct stress 
determination but to denote the zero condition of stress 
in the welded member. 


The possibilities in the use of stress measuring of 
equipment of this type is of inestimable value to the 
welding engineer. By correctly locating gages on mem- 
bers being fabricated, he can at all times apprehend dan- 
gerous states of stress and be able to take corrective steps. 
Insert pieces where restraint is complete is a common ex- 
ample. With some experience the gages could be placed 


at the most vulnerable points and used to direct the weld- 
ing procedure or peening. 

Other examples of frequent failure are: fixed plating, 
hatch corners, through members in decking and bulk- 
heads, heavy casting attachments. Stress concentra- 
tion in ship launching or ships at sea may be observed 
and studied. In new designs it is usually desirable to 
be able to foresee potential points of weakness. These 
types of possible failures may be predicted and precau- 
tionary measures interjected. 


Summary 


Cold peening is purely a surface-working effect. The 
depth of crystal deformation for a given tool will depend 
on the impact of the hammer and size and shape of tool. 
The larger hammer with greater impact strength will 
produce more depth of indentation and plastic flow. A 
tool of smaller area in contact with the metal being 
peened will produce greater depth of plastic flow than 
one of larger area. 

For field work using electrode sizes suitable for all- 
position application (E6010 classification), peening to 
the extent of 1.5 min. per square inch exposed bead area 
will give plastic flow and full stress relief with tools and 
hammer described in this paper. 

Flaking may serve as an indication for extent of peen- 
ing. This condition appears to occur at the point where 
the weldment no longer responds to peening. No harmful 
effects from flaking were observed if subsequent passes 
were applied. 

No appreciable reduction in ductility was observed. 

Increasing or decreasing the ‘‘hold-on’’ pressure has 
no influence on the amount of work accomplished by a 
hammer, if the shoulder of the tool is, at the beginning 
of each stroke of the ram, properly engaged by the barrel 
of the hammer. This requires only a nominal amount of 
effort from the operator. 

A small, spherically shaped peening tool will give more 
rapid crystal deformation than a larger tool which is 
more nearly flat on the face. It appears that where a 
very flat tool is used, the peening effect is superficial. A 
spherically shaped tool of smaller size will be conducive 
to greater indentation and deeper plastic flow. 
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Authors’ Reply to Dr. Finn 
Jonassen's* Discussion of 
Paper “Distribution of 
Strength and Ductility in 
Welded Steel Plate as 
Revealed by the Static Notch 

Bar Tensile Test” 


S WE understand his discussion, Dr. Jonassen pro- 
poses three interesting points: (1) There are data 
which indicate the maximum hardness (deter- 

mined from a hardness survey) correlates with the transi- 
tion temperature (ductility) of the welded structure as a 
whole. (2) What correlation could be expected between 
the results obtained by the distribution of static notch 
bar tensile properties and the energy absorbed by the en- 
tire welded structure? Also, would the hand-welded 
structure absorb more energy at temperatures between 
0 and —50° C. than at room temperature? (3) Can the 
notch strength be used as a valid indication of the notch 
ductility? 

In regard to the first point, I did not wish to give the 
impression that the hardness would always be in no way 
correlated with the notch ductility of a particular zone 
of the welded structure or with the behavior of the struc- 
ture asa unit. In certain cases changes in ductility may 
be definitely correlated with corresponding changes in 
the hardness. Thus, when a martensite is tempered to 
various strength levels (hardnesses) the notch ductility 
continuously decreases with increasing hardness.' How- 
ever, such a relation is not always followed but depends 


* Published in the December 1947 issue p. 711-s 
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on the series of structures being compared. Consider the 
case of a partially austempered steel.? In this case the 
hardness is dependent on the quantity of the isothermal 
product and continuously decreases with the addition oj 
this intermediate product. However, with the appear. 
ance of small quantities of intermediate products the 
hardness decreases slightly and the notch ductility de. 
creases rapidly to a minimum value. These results show 
that for mixed structures the hardness changes are not 
necessarily related to corresponding changes in the duc- 
tility. Certainly the complex thermal conditions present 
in welding may result in mixed structures, and this has 
been pointed out by Mr. Stout in his oral discussion oi 
the paper. Additional evidence for the possible lack 
of correlation between hardness surveys and the dis- 
tribution of transition temperature is shown in Figs. 
12 and 13 of a paper by Grossman and Shepler.’ 
These figures show, for plates welded by the Union 
Melt and D.-C. Reversed process, a definite de- 
crease in the transition temperature (increase in duc- 
tility) in a region where there is a continuous increase in 
hardness. On the other hand, Fig. 15.of the same paper 
indicates that for E-6010 welding technique the distri- 
bution of transition temperature follows the trend of the 
hardness. 

The answer to the second question cannot be made 
definite at this time. However, considering plates 
welded to be identical with those investigated here and 
loaded in such a manner that all regions were subjected 
to identical stress conditions, then it would seem reason- 
able that the hand-welded structure would fail absorbing 
the smaller energy. ‘The results in the paper which show 
the notch strength of the weld metal to increase at the 
lower testing temperatures (between 0 and —50° C.) 
cannot be considered as conclusive. This is true because 
large variations in soundness and structure are quite 
likely along the length of a manual weld, and it would be 
particularly difficult to draw conclusions from one plate 
to a second even if the welder was not varied. 
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In regard to the third point, both the éccentric and the 
concentric notch strengths depend on the notch ductility 
only when the ductility is less then the instability strain 
for the particular test specimen considered. Due to the 
superimposed bending moment, the eccentric notch 
strength depends on the ductility over a considerably 
wider range than the concentric notch strength. For 
ductilities less than a few percent the strength values de- 
rived from either of these two tests decrease very rapidly 
with decreasing ductility.* It is in this range that 
changes in notch strength are very sensitive to small vari- 
ations in ductility. 

Further studies should be directed to reducing the 
metal ductility during the test sufficiently so that the 
strength values are directly dependent on the ductility. 
This could be accomplished by reduction of the test tem- 
perature. 
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Authors’ Closure : 


In respect to certain questions and incorrect statements 
by the authors in the oral discussion, the following may 
be said. 

In using manually welded plates for part of this study, 
attempts were made to employ a welding technique that 
differed greatly, regarding heating and cooling conditions, 
from the machine welded plate. Both the manually 
welded and machine welded plates were of high quality 
regarding soundness, cracks, etc., as insured by means of 
X-ray examination. 


Authors’ Reply to Dr. Finn 
Jonassen’s’ Discussion of 
Paper “Effect of Section Size 
on the Static Notch Bar 
Tensile Properties of Mild 
Steel Plate” 


HE authors wish to thank Dr. Jonassen for his 
interesting discussion of the results obtained on 
large-scale notched-plate specimens and agree 
that every effort should be made to further evaluate the 


* Published in the January 1948 issue of the Supplement, p. 27-s. 


size effect. It would be difficult to associate the trend 
of the curves in Dr. Jonassen’s Fig. 2 with the effects of 
section size alone. This is true since the notch geometry 
(dimensions at the end of the notch) remains constant, 
for all widths greater than 3 in., the ratio of the thickness 
to the width is not constant, and the specimen type is en- 
tirely different for the smallest specimen. However, it is 
clear that these very large plates fail at average stresses 
considerably lower than those obtained by the authors in 
their largest specimens. 


Supplementary State- 
ment on “A Compari- 
son of the Brittle Tran- 


sition Temperatures as 


Determined by the 


Charpy Impact 
and the M.LT. 


Slow-Bend Tests” 


By C. W. MacGregor and N. Grossman 


Interpretation of Results 


that the standard Charpy test is restricted to a fixed 

strain rate while in the special slow bend test the 
strain rate can be maintained constant throughout the 
test which is not possible in the standard Charpy test. 
While this statement at first appears contradictory, it 
should be stated that the word ‘‘fixed’’ as used here refers 
to the standard striking velocity of the Charpy test which 
by the free fall of the pendulum is fixed at 210 in./sec. 
This rate cannot, however, be maintained constant dur- 
ing the test due to the slowing-down of the pendulum 
while the specimen is being broken. In the M.I.T. slow- 
bend test the strain rate can be chosen at will (within the 
limits of the machine), and then maintained constant 
throughout the test. 

Due to the slowing down of the pendulum during the 
Charpy test, the use of the full 210 in./sec. striking vel- 
ocity in Fig. 3 to determine the corresponding transition 
temperature as predicted by the slow bend test might at 
first seem unsuitable. If the pendulum came to a com- 
plete stop as the specimen was broken, the average rate 
would be only 105 in./sec. In the present tests, the pen- 
dulum did not come near to a complete stop for any in- 
dividual specimen. In order to investigate the maximum 
possible influence of the slowing-down of the pendulum, 
let us, however, consider the worst case, namely that for 
complete stoppage. Noting that the vertical scale in 
Fig. 3 is a logarithmic one, the transition temperatures for 
this case would be lower by 33° F. for steel B and about 
12° F. for steels A and C than those indicated in Fig. 4 
which were determined by assuming the full 210 in./sec. 


[ THE early portion of the paper it was mentioned 
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as the rate. If these new transition temperatates were 
plotted in Fig. 4, only a relatively small shift to the left 
from those indicated would result. They would still lie 
on the upper knees of the Charpy “S” curves as pre- 
viously determined. Since the pendulum did not come 
to rest immediately following fracture in any of these 
tests, and the influence of the differences in these veloc- 
ities would not modify the general conclusions drawn 
previously based upon the full and well-defined striking 
velocity, the authors preferred to present the results in 
terms of the latter rather than in terms of some inter- 
mediate rate which would be -different for each point 
plotted on the Charpy “S”’ curve. 

In addition, since from Table III and Fig. 3 it might 
appear that only 2 specimens were used to establish the 
curves in Fig. 3, reference is made-to a previous publi- 
cation} which contains a detailed description of the test- 
ing technique followed. Pilot tests were always made on 
several specimens first to determine the approximate 
location of the transition temperature. In each case this 
involved several tests with one specimen at different tem- 
peratures and at a constant deflection rate. After this 2 
or 3 additional specimens with no previous cold work 
were used to establish a single poift to within +2° F. 
This entailed the use of at least 3 to 5 specimens to obtain 
this accuracy for each point. Only the final specimens 
locating the positions of the transition temperatures are 
listed in Table III. Also as discussed in the same refer- 
ence, } the linearity of the curves of this type has been well 
established by many tests under various conditions over 
the slow-bend velocity range and thus intermediate 
points are not required. 

In making a comparison between the two forms of test, 
it should be kept in mind that there are points of differ- 
ence, the precise quantitative effects of which are not 
possible to fully assess in the light of the present state of 
knowledge of the subject. For example, the definitions 
of the brittle transition temperature are not the same in 
both tests. The transition temperature in the slow-bend 
test is the highest temperature at a given constant de- 
flection rate which will produce brittle fracture with no 
detectable plastic flow measured by the load-deflection 
curve. A single temperature is thus determined. The 
Charpy test, on the other hand, shows a band of temper- 
atures over which transition takes place and consequently 
the actual transition temperature is not so easily defined. 

In the latter, transition begins on the upper knee of the 
curve and ends beyond the lower reverse bend. If the 
Charpy ‘SS’ curve shows a short vertical portion, the 
temperature corresponding to this is often taken as the 
transition temperature. With a curve showing a more 
gradual transition, the inflection point is sometimes used. 
The transition temperature for the Charpy test is thtis 
subject to arbitrary definition but it brings in both force 
and deflection through energy values. The slow-bend 
test is usually concerned only with the loss of ductility, 
although energy values could also be determined from 
the load-deflection curve if required. In*the Charpy 
test, “‘purely brittle’ type fractures are usually not ob- 
tained until the lower reverse bend of the Charpy ‘‘S” 

curve is reached, although “‘mixed”’ fractures result be- 
fore this. In the slow-bend test, “purely brittle” type 
fractures are also obtained. Some inertia effects of an 


"+MacGregor, Cc. W., Grossman, N., and Shepler, P. R., ‘‘Correlated Brittle 
Fracture Studies of Notched Bars and Simple Structures,"” THe WeELpING 
JourRNAL, 26 (1), Research Suppl., 50-s to 56-s (Jan. 1947). 


undetermined amount are present in the Charpy tq 
which have an influence mainly on the force recuireg j,, 
fracture. In addition, aside from the variable ang yp. 
controlled strain rate during the Charpy test, adiabay; 
effects result in a higher temperature during the test th), 
the ambient temperature under which it is presumajy, 
conducted. Further, the usual procedure in conductip, 
the Charpy test is to remove the test piece as rapidly ,. 
possible from the temperature bath, insert it in the tey. 
ing machine, and fracture it. This always results ip , 
drop in temperature (if the bath was above room tem, 
perature), or an increase in the temperature (if the bat, 
was below room temperature), before the test is com. 
pleted. 

To present the case fairly, while the slow-bend test 
free from adiabatic effects, inertia effects, uncontrolle 
strain rates and changes in the temperature of the spec. 
men immediately before starting the test, extrapolation oj 
the curves of Fig. 3 had to be resorted to in order that th 
transition temperature corresponding to the Charpy ¢. 
flection rate could be determined. While previous tests 
have demonstrated the linearity of curves of the type jn- 
cluded in Fig. 3, over the ranges in between test points, 
and the lower strain rate points were accurately deter. 
mined, present equipment available did not permit the ex. 
ploration of such curves at intermediate strain rates be. 
tween those available in the slow-bend test and the Charpy 
rates. It is always possible that these curves are not 
strictly linear over the wider temperature ranges in 
cluded, although the authors feel that the only case open 
to some question on this score is steel B. 

In spite of the points of difference between the tw 
tests discussed above, it is conceivable that if the effects 
of adiabaticity, inertia, uncontrolled strain rates and 
changes in the temperature of the specimen before start- 
ing were known in the case of the Charpy test, and the 
validity of extrapolation was established for the slow- 
bend test that the transition temperatures of both could 
be brought into close agreement. Until this is known, 
due to their inherent differences, it is probable that steels 
would be rated differently by both tests as regards sus. 
ceptibility to brittle fracture. 

It was not the purpose of this short investigation to 
study the various effects of the differences between the 
two tests, but to compare the transition temperatures pre- 
dicted by extrapolation of the slow-bend tests to the 
Charpy deflection rate with the commonly determined 
transition temperature of the Charpy test. On this 
basis, the slow-bend test predicts transition temperatures 
which correspond to the upper knees of the Charpy ‘S 
curves and are thus on the conservative side. Since 
brittle fractures are obtained in the slow-bend test with ver) 
low-energy levels, caution should be observed not to associate 
with the predicted slow-bend transition temperatures in Fig 
4 the high-energy values present on the upber knees of the 
Charpy ‘‘S”’ curves. These transition temperatures, pre 
dicted by the slow-bend tests, are indicated on the Charpy 
“S” curves merely to compare them with the horizontal 
positions of the usual Charpy transition temperatures 

and should be disassociated from the Charpy energy 
levels. 

The lack of agreement between the transition tempera- 
tures determined by the two tests is no doubt due to the 


inherent differences of the tests themselves as discussed 
above. 
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<JTests on Flow and Fracture of Welded 
- and Unwelded Tubes of Steel 


ints, 
eter. 
le eX. 
s be. By L. V. Griffis,* G. K. Morikawa* and S. J. Fraenkel* 
arpy 
Not 
Bes Preface While the tests were performed with tubular specimens, 
“pe plate properties of the steel were ultimately desired, in 
ms HIS paper is based primarily upon a series of re- View of the general background of this investigation. 
Fects ports on projects carried out in 194445 for the Material 
National Defense Research Council.'** Certain 
and The material studied was a semikilled ship steel, rolled 


statements in the paper are based on later research carried 


a ut for the David Taylor Model Basin, Department of into 4! ‘,-in. round bars, 15 ft. long. The properties as 
the given by the steel maker were as follows: 


the Navy. 
wat . All work described herein was carried out at the Illinois Mechanical Properties: Yield point, 37,950 psi. ; ulti- 
aie institute of Technology. Certain tests of large tubular mate stength, 59,910 psi.; elongation, 33.5% in 2 
reek specimens, to which reference is made, were performed at in.; bend test, O. K. 
on the University of California at Berkeley.‘ 
Since it is not possible to include in this paper all pro- en /(- 

cedures, data and interpretations given in the original re- 4 

ports without unreasonably increasing its size, the main Ane 
the sources upon which this report is based are listed in detail + 2 
pre- @® in the Bibliography. The reader, therefore, is referred @ - > 
‘the for more detailed information to these original sources, ; 2 
= which have been declassified. a 
ures 
Sale lhe tests described in this paper were carried out in 
Fig and 1945 at the Illinois Institute of Technology, 
the under a contract with the National Defense Research a.» 
Committee of the Office of Scientific Research and De- ~y 
rpy velopment. Certain statements in this paper are based ed 
ital also on a later series of experiments carried out for the ~— ow o> 
David Taylor Model Basin in 1946 and 1947. 
roy The purpose of this experimental study was to deter- A } P 
mine the effects of the following factors on plastic flow 4 


and on the mode of fracture: 3 ; 
Ta- Ny 


the 1. The ratio of the principal stresses (from zero to 


sed infinity). , fe 
2. The presence of welded seams. 


4. Annealing of: 
(a) unwelded material. 


(6) welded material. 


4. Temperature and the limit of ductile behavior -~ .sm & 
i = sed thereby. Fig. 1—Photomicrograph of Medium Ship Steel, 350 x, 
* Armour Research Foundation, Chicago, Illinois. Etched with 1% Nital 
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TRANSVERSE Conroy 
SPECIMENS 
Axial CONTROL 
SPECIMENS MULTI“AXiIAL STRESS SPECIMENS 


TENSION 


Me TALLURG 
8 1Z00 


TEN 
A SION 
IZ00 
METALLURGICy 


2-4" Tension 2 [2008 5-32" MULTI-AXIAL SPECIMENS NoTE: A® AS ROLLED 
(3 NoTcHEs) B= ANNEALED 
Mes Fig. 2—Position of Control Specimens Cut from 15-Ft. Lengths of Bar Stock 
a Deoxidation Procedure: Semikilled practice using 1'/; 2. Specimens for Multiaxial Tests—A total of 
A? Ib. of silicon per ton in the ladle, and '/, lb. of alumi- specimens were machined from solid bar stock to an oy 
u num per ton fed in the molds. side diameter of 3.500 in. at the center, an inside diamete 
; Finishing temperature: 1900° F. of 3.000 in. and a straight length of 19in. The specimes; 
: Chemical Composition: C, 0.23%; S, 0.042%; Mn, were ground internally and externally to a very smoot 
0.47%; Si, 0.02%; P, 0.011%. finish and threaded at the ends. (See Fig. 3 for detail 


Photomicrographs were taken of the material in both as- ‘imensions of specimen.) Twenty-six of these wer 
rolled and annealed condition and on both longitudinal tested at ambient temperatures and eight at various loy 
(parallel to axis of bar) and transverse sections. Indi- ‘™peratures. | The preparation of the 34 original tubes, 
cations of the presence of nonmetallics were observed but 2? of which yielded valid results, was as follows: 

no appreciable differences in structure were found among —_ 

the sections. A typical photomicrograph of a specimen . 


J Treatment No. of Specimens 
etched with 1% Nital, at 350 X, is shown in Fig. 1. Pane ke 10 
4 
As-rolled and welde 
Test Procedure Annealed and welded 1 
As-rolled, welded and annealed 2 
G l Proced Preheated and welded 1 
enerat £ roceaure Welded at constant temperature 1 


1. Specimens for Control Tests.—In order to study the 5 
isotropy, or lack thereof, of the material 18 standard ten- 
sile specimens, '/, in. diam. by 1'/, in. straight length, All tubes were covered with photographically applied 
were tested. Of these, 8 were axial, 6 diametral and 4 grids to permit strain measurements on a short gag 
were transverse, and in each group some were as-rolled length ('/2) in.). This process has been described 1 
and some annealed. (See Fig. 2 for definition of terms reference 5. 
“axial,’’ etc.) In annealing the material the 4'/,-in. diam. solid bars 
As a further test of the isotropy 30 standard Izod speci- were heated to 1650° F., held for 4 hr. and then furnace 


mens were tested, with 18 being taken to coincide with cooled. The same procedure applied to control speci 
the tube walls and 12 transverse thereto. mens. 


SPECIMEN Peessume 
Grip CONNECTION 


4-8TPI- /2-Siveo Bever 


Fig. 3—Dimensions of Multiaxial Stress Test Specimen 
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A-l 
» 
A-2 
A-3 
A-4 
A-5 
A-6 
A-i 
A-19T 
B-1 
B-2 
B-3 
B-4 
B-5 
B46 
B-7 
A-10 
# A-11 
A-16 
B-9 
A-13 
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in out 
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Cimens 
Moot! 
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us lor 
tubes. 


plied 
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| bars 
rnace 
speci 
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1948 


Test 
Specimen Heat Tem- Stress 
Number Treatment perature, °F. Ratio, n 
A-l As-rolled 67 © 
2 As-rolled 64 1 

A-3 As-rolled 75 0 

A-4 As-rolled 82 2 
A-5 As-tolled 65 
AS As-rolled 67 3/, 
a9 As-rolled 90 2 
A-18* As-rolled 73 1 
A-19t As-rolled 71 1 

B-1 Annealed 71 
B-2 Annealed 74 1 
B-3 Annealed 75 1/, 
B-4 Annealed 70 1 
B-5 Annealed 76 0 

B-6 Annealed 70 2 
B-7 Annealed 70 Variable 
A-10 As-rolled, welded 68 2 
A-11 As-rolled, welded 72 1 
A-16 As-rolled, welded 74 0 
B-9 Annealed, welded 60 1 
A-13 As-rolled, welded, 74 1 

annealed 
A-15 As-rolled, welded, 76 2 
annealed 


* Initial wall thickness, !/, in. 
t Initial wall thickness, */\, in. 
t Not simultaneous. 


Welding in these tubes was simulated by machining 
longitudinal slots, 180° apart, along the entire length of 
the solid bar stock and filling these slots with weld metal. 
Machining and finishing of the tubes proceeded so that 
the soundest part of the weld thickness was within the 
final wall thickness. 

3. Axial Force—Internal Pressure Ratio During Test. 
Since the dimensions of the tube changed during the 
test, it was necessary to modify the ratio of the applied 
loads so as to keep the ratio of the tangential to the 
axial true stress, represented by the symbol n, constant. 
[he proper axial load-internal pressure ratio was deter- 
mined at any stage of the test from a chart which had 
been calculated beforehand. This chart became in- 
valid, of course, after waisting or bulging set in, i.e., 
after the shape of the specimen departed appreciably 


from that of a cylinder. 


Procedure for Biaxial Tension Tests at Ambient Tempera- 
ture 


In the combined stress tests the internal pressure was 
applied by a high-pressure Diesel injection pump. The 


Loading 
Conditions 
Pressure 
Pressure and 
tension 
Tension 
Pressure 
Pressure and 
tension 
Pressure and 
tension 
Pressure 
Pressure and 
tension 
Pressure and 
tension 
Pressure 
Pressure and 
tension 
Pressure and 
tension 
Pressure and 
tension 
Tension 
Pressure 
Pressure and 
tension 
Pressure 
Pressure and 
tension 
Tension 
Pressure and 
tension 
Pressure and 
tension 
Pressure 


pressure was read by means of Bourdon gages. 


Table 1—Procedure for Room Temperature Tests 


Maximum 


Maximum 


Fracture 


Fracture 


Pressure, Psi. Tension, Lb. Pressure, Psi Tension, Lb. 


8,300 
7,800 
8,350 
5.250 


7,000 


8,460 
1,180 


6,080 


8,850 
8,470 


8,200 
7,850 


8,360 


77,600 
141,000 
121,000 


103,000 


38,000 


57,500 


74,000 
118,000 
72,500 
138,000 


97,500¢ 


77,000 


146,000 
76,000 


74,000 


&, 100 
7,700 67,500 
123,000 
8,250 
5,250 115,000 
7,000 86,800 
8,330 
4,080 38,500 
6,040 57,500 
7,750 
7,350 69,400 
7,450 110,000 
7,450 65,700 
137,000 
7,630 
8,640T 
8,850 
8,400 77,000 
145,000 
7,960 81,000 
7,450 80,000 
8,050 


The axial 


load was supplied by a 400,000-lb. beam-type machine. 
The ratio of the two largest principal stresses, n, was 


held constant in all but one test. 


The values of n em- 


ployed were 0 (for 3 tubes), '/2 (for 2), */, (for 1), 1(for 13) 


2 (for 5) and infinity (for 2). 


In the one remaining tube 


the ratio was varied during the progress of the test. 
Strain computations during each test were derived 


from measurements with a mechanical traversing gage 
shown scheinatically on Fig. 4 and in photograph on Fig. 
5. The changes in diameter were recorded by two pairs 
of dial gages on two mutually perpendicular diameters 
of the tubes, and the axial changes in length by means of 
a movable microscope attached to a fixed vertical scale. 

A special thickness gage was constructed for measuring 
the initial and final wall thickness. This gage consisted 
principally of a vertical mandrel over which the tube is 
lowered, thus deflecting the stem of a dial gage from its 
zero position against the mandrel itself. 

The calculated strains up to the last reading before 
fracture were based upon a 2-in. gagelength for axial 
strains and on the entire circumference for circumfer- 


Specimen Test Stress Maximum Maximum Fracture Fracture 
No. Processing Temperature, °F. Ratio, Pressure, Psi. Tension, Lb. Pressure, Psi. Tension, Lb. 
A-25 As-rolled, unwelded —40 1 8,800 98,000 8,430 98,000 
A- As-rolled, DLW, BAW* —40 1 9,400 86,000 9,000 81,200 
A-17 As-rolled, DLW, BBW —40 1 9,300 87,000 8,800 76,000 
A-22 As-rolled, P, DLW —90 1 10,000 95,000 9,500 88,000 
A-23 As-rolled, T —100 1 10,600 94,000 10,600 94,000 


*P = Preheat 250° F.; DLW = Double longitudinal weld; BAW = Bored after welding; BBW = Bored before welding; T = 


Temperature maintained between 180 and 200° F. during double longitudinal welding. 
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ential strains. At fracture, the photogrid was used and 


both axial and tangential gage lengths were taken as '/») 
in. 


The tests were performed in accordance with Table 1. 


Procedure for Biaxial Tension Tests at Low Temperatures 


The loads were supplied in the same manner as in the 
other tests. 

The ratio m was made unity in all tests. The effect of 
its variation had been investigated in the room temper- 
ature series of tests. The value of unity was chosen for 
the low temperature series because it represented the 
most perfect case of biaxiality and caused relatively 
little departure from the cylindrical shape. 

The cooling arrangement used for the first two tubes 
tested (at —40° F.) consisted of an enclosure with 
2 compartments, one of which contained the specimen 
and the other a porous mass of dry ice. Blowers circu- 
lated air between the two chambers. The remaining 6 
tubes were tested at temperatures as low as — 100° F. in 
a cold box enclosing the specimen, the blower, 300 Ib. of 
dry ice and valves for channeling the flow of refrigerated 
air. 

The temperature was measured with thermocouples 
distributed over the surface of the specimens. The strains 
were measured with dial gages on a diametral axis after 
miniature electric clip gages had proved unsatisfactory. 
A check on strain measurements was obtained by measur- 
ing the motion of rods traveling axially with the speci- 
men. The fracture strains were again measured by ob- 
serving the changes in '/»-in. gage lengths through a 
microscope. 


The test schedule for low temperature tests is shown in 
Table 2. 


Results and Discussion 
Presentation of Results 


The test results are presented in tabular and graphical 
form as follows: 
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Fig. 4—-Assembly Drawing of Traversing Mechanism for Strain Measurements 
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Fig. 5—Photograph of Traversing Mechanism for Strain 
Measurements 


1. The rupture data of the room temperature tests 
are shown in 


Table 3—As-rolled specimens. 
Table 4—Annealed specimens. 
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Table 3—Results of Room Temperature Tests, Rupture Data (As-Rolled Specimens) 


Specimen n, —True Stress, Psi.— ———Natural Strain——. —Octahedral Shear— n, 
Number Initial Tn in at Rupture 
43 0 93,500 0 0.665 —0.343 44,100 0.941 0. 
A-5 1/s 87,000 43,500 0.304 0. 36,700 0.496 0.50 
A-6 3/, 80,600 70,000 0.337 0.053 37,300 0.598 0.87 
A-2 1 70,200 82,700 0.156 0.169 38, 100 0.460 1.18 
A-18 i* 81,060 73,900 0.140 0.126 37,600 0.382 0.91 
A-19 1f 87,530 95,020 0.220 0.223 44,600 0.646 1.09 
A-4 and A-7 2 (Av. of 2) 40,000 83,900 0. 0.221 35,900 0.361 2.10 
A oo 16,700 79,800 —0.055 0.233 35,600 0.329 4.73 


+ 1/,-in. initial wall thickness. 
initial wall thickness. 
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Fig. 6—Octahedral Shearing Stress-Strain Curves for n = 0, 14, 2, and ~ 
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Fig. 7—Maximum Shearing Stress-Strain Curves for n = 0, 14, 1, 2and ~ 
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Table 4—Rupture Data, Annealed Specimens 


Specimen n, Stress, -——Natural Strain—— —Octahedral Shear 

Number Initial Tn at Ruptun 
B-5 0 92,900 0 0.679 —0.324 43,600 0.960 0) 
B-3 77,000 38,700 —0.311 —0.033 32,900 0.483 
B-2 and B-4 1 (Av. of 2) 72,100 84,600 0.174 0. 186 38,900 0.510 ~ 147 
B-6 2 41,700 87,000 0.006 0.257 37,000 0.424 2 09 
B-1 co 21,200 85,100 —0.042 0.275 37,400 0.420 1 (2 


Table 5—Rupture Data, As-Rolled and Welded Spec 


Specimen n, ~True Stress, Psi.— ——Natural Strain-—— -——-Octahedral Shear-— n 
Number Initial ot Tn Yn at Rupty 
A-16 0 81,400 ye 0.363 —0.168 38,300 0.514 0 
A-11 1 70,600 78,500 0.103 0.133 36,100 0.335 1] 

A-10 2 


33,400 70,900 0. 0.123 30,700 0.204 | 


Specimen 


n, —True Stress, Natural Strain-—~ --Octahedral Shear 
Number Initial € Tn Yn at Ruptur 
B-9 1 69,600 74,400 0.081 0.145 35,700 0.323 1.07 


Table 7—Rupture Data, As-Rolled, Welded and Annealed Specimens 


Specimen n, —True Stress, Psi.— Natural Strain—— -——Octahedral Shear ) 

Number Initial Tn Yn at Ruptur 
A-13 1 68,000 69,900 0. 108 0.133 34,100 0.341 l 
A-15 2 32,000 68, LOO 0.022 0.129 29,400 0.23 2 


Table 8—Results of Low Temperature Tests, Rupture Data 


n, initial = 1 for All Tests 


Specimen Test True Stress, Psi.— Natural Strain —Octahedral Shear ’ 
Number Temperature, °F. é ét Tn Fa at Rupture 
A-25 —40 107,660 112,630 0.333 0.177 53,900 0.734 1.04 
A-8 —40 88,230 110,735 0.102 ). 220 49,700 0.465 125 
A-17 —40 88,960 108,375 0.170 (0). 187 46,600 0.505 1.20 
A-22 —90 89,640 102,350 0.183 0.130 47,400 0.446 1.14 
A-23 — 100 77,500 72,000 0.030 0.030 37,700 0.085 0.95 


Table 5-——As-rolled and welded specimens. 

Table 6—Annealed and welded specimens. 

Table 7—As-rolled, welded and annealed speci- 
mens. 


terial behaved very nearly like as-rolled material. Ther 
was an average decrease of about 40% in impact strength 
(expressed in ft.-lb.) in the transverse direction, however, 
compared with the axial direction. 

2. The rupture data of the low temperature tests are 3. Comparison of As-Rolled and Annealed Steel.—\n 


shown in Table 8. general, the results of the tests of both steels were similar, 
3. The energy absorption per unit volume of material] 
up to fracture is tabulated in Table 9. T T T =a 
4. The stress-strain relation in terms of maximum and | 
octahedral shears for a representative group of speci- —}As ROLLED, WELDED | 
mens, both as-rolled and annealed, is shown in Figs. 
6 and 7. 60 
5. The relation of ultimate strength and stress ratio 
is shown in Fig. 8. 2 50 | — 
1. Static Tension Control Tests.—While no statistics a | 
from these tests are included in this paper for the sake of 
brevity, it can be reported that little difference between a NRC - 77 
as-rolled and annealed specimens existed, as far as yield wees 
and ultimate stengths were concerned. The difference 2 | 
in ultimate and yield strengths between axial and trans- 
verse or diametral specimens was considerable, however, | | 
the — fracture stress of the axial specimens being | Pe | | | 1 a | 
about 40% greater than that of the others and the frac- 
ture strain 100% greater. %, % 
9 


2. Izod Impact Control Tests—Again annealed ma- Fig. 8—Relation Between Ultimate Strength and Stress Ratio 
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Table 6—Rupture Data, Annealed and Welded Specimen 

| 

i 

a4 


_ ‘Table §—Strain Energy Data (Up to Rupture) 
Strain Energy U = f oda + de, 


\s-rolled 47,500 20,100 24,000 15,300 14,000 13,4 10 
Annealed 47,100 18,000 16,500 17,000 


Velded, 
annealed 


‘he annealed metal being perhaps a little more ductile. 
in both welded and plain tubes, the true stress at frac- 
sure for the annealed steel was a little greater than that 
; as-rolled steel for longitudinal fractures, whereas the 
verse held in the case of circumferential fractures. The 
ifferences were so slight, however, that the effect of ani- 
otropy was probably the determining factor. 

4. Strength of Welded vs. Unwelded Tubes.—Gener- 
ly, the welded tubes showed an appreciable decrease in 
ver-all ductility as compared to unwelded tubes at the 
ame stress ratio. 

Although the ultimate strength of 
the welded material was higher than 
or the unwelded tubes, the true 
stresses at fracture were slightly lower 
for the welded material. However, 
this apparent slight decrease in 
strength, as measured by the true 
fracture stress, was directly traceable 
to the corresponding decrease in duc- 
tility brought about by the reinforc- 
ing action of the welds. 

The relative strengths of plain and 
welded tubes under various heat treat- 
ments are clearly shown in Fig. 8. 

5. Correlation of Test Results with 
Yaximum and Octahedral Shear 
Theories. —Figures 6 and 7 show the 
results of a representative group of 
specimens plotted on the basis of the 
maximum and octahedral shear 
theories, respectively. The latter 
produced a better fit of the experi- 
mental data. 

6. Effects of Low Temperature on 
Strength and Ductility—The ductility 
and strength of the welded tubes in- 
creased appreciably from room temp- 
erature to —90° F., but the actual 
lailure stress and the ductility fell off 
sharply for —100° F. The one un- 
welded tube tested at —40° F. was 
similarly much stronger than the cor- 
responding tube at room tempera- 
ture. 

Ifa fracture along planes of maxi- 
mum normal stress be considered a 
cohesive failure, then only one failure 
of this sort was recorded. The speci- 
men tested at —100° F. ruptured 
aong planes of maximum normal 
stress after suffering about 3'/2% 
orthogonal strains. This was the 
only instance even approaching brittle 
lcilure; no genuinely brittle failure 
was obtained under any combination 
ol test conditions. 

v. Effect of Stress Ratio on Energy 
Absorption.—The data in Table 9 are 
based on energies absorbed up to 
failure. Due to the difficulty of 
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measuring fracture stresses and strains accurately, con- 
siderable caution is required in drawing conclusions 
from such data. 

At first glance, there appears to be a definite trend for 
the absorbed strain energy to increase with decreasing 
values of n. This is apparently true irrespective of heat 
treatment, since the energy absorbed for any given stress 
ratio is fairly independent of the heat treatment. 

It has been confirmed elsewhere® that the energy ab- 
sorption is, indeed, quite independent of the heat treat- 
ment. The true variation of this energy absorption with 
stress ratio, as found in reference 6 for maximum strains 
which are still homogeneous, does not follow the trend 
apparent from Table 9, and it must be assumed that the 
high values of the strain energy absorption for n = 0, for 
example, are due to (a) disregard of the stress triaxiality 
introduced by nonhomogeneous deformation, (}) in- 
ability to determine accurately the fracture strains and 
(c) anisotropy. It is believed preferable to compare 
energy absorption at various stress ratios for equal maxi- 
mum strains occurring below the ultimate load rather 
than at fracture. 


(ni 


Fig. 9—As-Rolled Series of Tested Specimens 
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Conclusions 


Effect of Stress Ratio n 


The value of n, which ranged from zero to infinity, did 
not affect the ductility of the material to any appreciable 
extent. In terms of the octahedral shearing strains at 
fracture, the variation ranged from 0.34 to 0.50 for as- 
rolled material and from 0.42 to 0.54 for annealed ma- 
terial. Only for m = 0 did the fracture strain fall outside 
this range, approaching 0.95 for both as-rolled and an- 
nealed material. 

The ultimate strength was similarly relatively un- 
affected by the variation of m. The variation ranged 
from an ultimate nominal stress of 47,000 psi. to 60,000 
psi. for as-rolled steel and from 45,000 to 54,000 psi. for 
annealed material. 

No systematic variation of either ductility or strength 
with or 1/n was discernible. 

The effect of the stress ratio upon the geometrical con- 
figuration of the fracture is considerable (Fig. 9). For 
tubular specimens a change from circumferential to longi- 
tudinal failure occurs as the value of mincreases pastn ~7/. 
The type of fracture surface, however, is practically inde- 
pendent of the stress ratio, since all fractures at least 
originated, even though not necessarily continued, along 
planes of maximum shear and all were preceded by con- 
siderable plastic flow. It does not seem to be possible to 
produce genuinely brittle failure by varying the stress 
ratio alone. 


: Effect of Welded Seams 


Welded seams appear to lower the ductility to a con- 
siderable extent. The reduction varied from 20 to 50% 
but not enough data were available to allow prediction of 


a this reduction from a set of given conditions. Even with 
i this reduction, however, sufficient plastic flow occurred 
: to prevent truly brittle behavior. 


The stiffening ‘‘rib’’ action of the welds permitted all 
welded tubes to sustain greater ultimate loads than un- 
aie welded tubes under otherwise identical conditions. The 
a increase, representing a structural effect inherent in such 
tube tests, averaged approximately 10%. Due to the re- 
duced ductility, however, the true fracture stresses were 
lower than in the case of unwelded tubes. 

The formation of fracture surfaces is not influenced 
significantly by the weld seams. In general, flaws in the 
welds tended to localize fractures in the welds only in 
cases where the predominant stress was in the direction 
of the weld. 


Effect of Annealing 


1. On Unwelded Material—No marked differences 
were found in the stress-strain relationships, fracture 
strengths and ductilities of annealed material compared 
with as-rolled material. A slight increase of 5 to 10% in 
ductility over as-rolled material was noted, however, as 
well as a decrease of similar amount in ultimate strength. 

2. On Welded Material .—The effect of annealing on 
welded material depended upon the timing of the an- 
nealing operation. If the ultimate strength of a welded 
as-rolled specimen is considered to be 100%, anneal- 
ing before welding resulted in a strength of 96.5%, an- 
nealing after in 92.5% and annealing, both before and 
after welding, in 86.5%. 


Effect of Temperature 


Ata temperature of — 40° F. both the ultimate strength 
and the ductility were found to have increased over their 
values at room temperature. The increase in ultimate 
strength amounted to about 20%, the increase in ductility 
to somewhat less. 
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This tendency continued down to —90° F., q 
point both ultimate strength and ductility ha, 
an additional 5 to 10%. 

At —100° F. the ultimate strength remained at ap, 
the same level as at —90°, whereas the ductility drop. j 
off sharply. Consequently, the true failure stresses wm 
reduced. The reduction in ductility from —90 to ~jy 
F., may have been due to several factors: (7) the yy 
tested at — 100° F., was preheated to a temperature 4 ror 
to 70° F., below the preheat temperature of the gu 
tested at —90° F., (6) the testing of the tube cocked é[ 
down to —100° F., was interrupted for two days dy 
which strain aging might have occurred, and (¢) 44 , 
critical temperature might actually be between — 

—100° F. for this particular combination of steels » 
specimens. 
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Significance of Control Tests 


1. Tensile Control Tests —Prior to the series of biaxiy 
tests, a number of tensile coupons, oriented at varigud 
angles with respect to the longitudinal axis of the by, 
were tested. The anisotropy of the metal showed y 
strikingly. The ductilities of as-rolled material, as « 
pressed by the true strains at fracture, for axial, trans, 
verse and diametral specimens bore the 
1:0.76 : 0.37 to one another. The corresponding uj, 
mate strengths were nearly equal, however. ne 

The true fracture stresses, which are a better index off) Vi) 
material behavior than the nominal ultimate stress, aril. deve 
from 15 to 20% higher in the tensile control tests than jqivaluatin 
the uniaxially stressed tubes (n = Oor This differ: thor 

e 1 thos 
ence is due perhaps to the effect upon the fracture curvy. tear 
of various degrees of triaxiality which are present after the x 5 in. 
original cross sections become unstable. Due to theftatic te 
large variation in shape between a tensile coupon and a onpor 
tube, the occurrence of such differences is not surprising} ()) 
It does indicate, however, that behavior of coupons, inffound t 
general, cannot be taken to represent the behavior of thefMPeing ro 
material in a different structure. = e. 

2. Impact Control Tests—Anisotropy in the material 
was equally well demonstrated by Izod impact tests [in the s 
Only axial and transverse specimens were available info brit 
this instance. The absorbed energies for axial and trans " 
verse specimens bore the ratio of 1 : 0.6 to one another Ry ich | 
While anisotropy was thus plainly indicated by both{nterna 
types of control tests, the material behaved as an isotr 
pic medium up to the ultimate load. Whatever anis 
tropy may be indicated by control tests, may then b 
assumed to become effective primarily in the range of um 


stable deformation. } 


Size Effect of Specimens 
much 


Since the underlying objective of this investigation was 

the study of properties of ship plate, the question oifJexplo 
applicability of results of tube tests to larger structures sg#hibit 
of basic importance. A limited opportunity for evalu 
ation of the size effect exists by noting the results o! ¢ 
similar investigation carried out at the University | 
California at Berkeley with 20-in. diam. tubes of identicag{pve 
material. 

Unfortunately, the conditions of test were exactly th 
same for only 3 specimens in both series of experiment: 
A comparison of results indicates that: 

(a) The ductility is not affected appreciably by ' 
change in diameter from 3 to 20 in. at room temperaturt 

(b) The true ultimate stress differs considerably in th 
two test series, but not enough data are available to provi 
a valid correlation. _— 

(c) The ratio of true stress at failure of a tube to th EA 
true stress at failure of a tensile coupon is less than unity tr ti 
and appears to decrease with increasing size of the tubu- 
lar specimen. (Continued on page 208-s) 
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relati O9M% During the early part of World War II, certain welded merchant 
ling wltiflmmessels developed fractures in the hull plating which, in many 
stances, occurred with explosive suddenness and the fractures 
index offi wed a degree of brittleness not ordinarily associated with the 
“<0 havior of normally ductile ship plate. This paper deals with 
reSS, are development of a laboratory scale test method capable of 
| than jnlfvaluating the susceptibility of ship plate to brittle or cleavage 
is differfamype fracture and with the correlation of the results of this method 
re curve’ those obtained from large-scale internally notched plate tests. 


“iif he tear test, as the authors call it, utilizes a notched test specimen 
Alter the x 5 in. x full plate thickness, which is asymmetrically loaded in 

to theliMtatic tension to complete failure under controlled temperature 
1 and agponditions. The load-extension diagram obtained for each speci- 
ising! en indicates the energy input required to (a) start initial failure 
L SINE Mad (b) propagate the fracture to completion. The latter was 
ONS, 1NMfound to correlate with the mode of fracture, the energy value 
r Of thef™#being roughly proportional to the percentage of shear in the frac- 
ie. The tear test method sharply defines the location of the 
ransition temperature range of ship plate using either the ab- 
orbed energy to propagate tearing or the percentage of fracture 
n the shear mode as a basis of evaluating the change from ductile 


naterial 
t tests 


able info brittle type failure. In connection with five project steels 
| trans.qgetudied in large-scale plate tests at the Universities of California 
nother qgeed Illinois, the tear test method indicated transition temperatures 
both hich correlated well with those derived from the 72-in. wide 
plate tests. 
isotr 
anis 
hen be Introduction 
of un 
ARLY in World War II, certain welded merchant 
vessels experienced somewhat unusual structural 
casualties under normal operating conditions inas- 
on wasi@much as the fractures occurred, in most instances, with 
lon oifexplosive suddenness and the fractured surfaces ex- 
ures sf@hibited a condition of brittleness which was not ordinarily 
evaluMassociated with the behavior of a normally ductile ma- 
S Ol a 


terial, such as ship plate. 

The circumstances surrounding these failures were in- 
pvestigated by a Board appointed by the Secretary of the 
Navy, which consisted of the Engineer-in-Chief, U. S. 
Coast Guard, as Chairman; the Chief of the Bureau of 
Ships, U.S.N.; the Vice-Chairman of the U. S. Maritime 
Commission; and the Vice-President-Chief Surveyor of 

by 4f/the American Bureau of Shipping. The ‘Final Report 
iture # ol the Board’! concluded that the fractures in the welded 
in th ships were caused by notches built into the vessels, either 
ovié # through design or as the result of workmanship, and by 


ity 
ntical 


ly the 
nents 


5 
0 th _ * The opinions or assertions contained herein are the private ones of the 
unity authors and are not to be construed as reflecting the views of the Navy Dept. 
¢ or the Naval Service at large. Presented at the Twenty-Eighth Annual Meet- 
tubu- IR ing, AW.S., Chicago, Ill., week of Oct. 19, 1947. 
B, Principal and Senior Metallurgists, respectively, Material Laboratory, 
Y. Naval Shipyard, Brooklyn, N. Y. 
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the steel which was notch-sensitive at operating tempera- 
tures. An adverse combination of these factors may 
cause the structure to fail under normal operating condi- 
tions. 

During its inquiry, the Board initiated a number of 
research projects which were carried out with the services 
of the Welding Group of the War Metallurgy Committee 
at the National Research Council. The work is pres- 
ently being continued under the sponsorship of the Ship 
Structure Committee which is jointly controlled and 
financed by the same agencies which composed the 
Board, namely, the Bureau of Ships, U.S.N.; the U. S. 
Coast Guard; the U. S. Maritime Commission; and 
the American Bureau of Shipping. The work reported 
in this paper represents part of the program sponsored by 
the Bureau of Ships, U.S.N., and coordinated under the 
over-all research program of the Ship Structure Com- 
mittee. 

The authors have studied the behavior and properties 
of ship plate since 1935. Under a directive from the 
Bureau of Construction and Repair (now consolidated in 
the Bureau of Ships, Navy Dept.), they investigated the 
behavior of sample structural steel in Navy stores, pro- 
cured under Navy Dept. specifications 46-S-1 and 48-S-5, 
under keyhole Charpy notched-bar tests at temperatures 
ranging from room temperature down to —5° F. The 
investigation was initiated as a result of a study made 
and reported by C. H. Herty, Jr., and D. L. McBride’ 
and C. H. Herty, Jr.* Of seven steels investigated by 
the authors, four were found to be slightly susceptible to 
loss in toughness at temperatures between 15 and —5° 
F. while the remaining three steels were found to be 
definitely notch sensitive at temperatures of 32° F. and 
below. 

In an unpublished report dated Nov. 1936, the au- 
thors stated: 

“It appears that, because of operations available at 
the option of the manufacturer (deoxidation, heat treat- 
ment, etc.), steels generally furnished under specifica- 
tions 46-S-1 and 48-S-5 may or may not be susceptible 
to low-temperature embrittlement. Consequently, it be- 
comes imperative for the Navy to regulate either the 
operations mentioned or to incorporate additional re- 
quirements in the aforementioned specifications which 
will eliminate steels of a character similar to the three 
steels which were found to fracture in a brittle manner 
with low energy absorption at temperatures of 32° F. 
and below.” 

In Fig. 1 are shown keyhole Charpy fractures of two 
of the notch-sensitive structural steels at temperatures 
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of 82 to —5° F. in the “‘as-rolled”’ condition. It may be 
noted that pronounced evidence of scatter in the appear- 
ance of the fracture is shown in the tests made at 32° F. 
for both steels, which correlated with a corresponding 
scatter in the absorbed energy values. 

In 1943-44, the authors investigated 30 '/s-in. thick 
steel plates in the “‘as-rolled’’ condition for longitudinal 
keyhole Charpy properties at a sufficient number of 
temperatures to define fully the transition temperature 
range which marks the change from shear- to cleavage- 
type fracture. The results of these tests are shown 
graphically in Fig. 2, in which the vertical columns repre- 
sent the results on the 6 steels from each of 5 mills. It is 
to be observed that the practice within a given mill was 
such as to produce material with transition temperature 
ranges which began within fairly narrow limits. How- 


_ever, the variation between mills was such that, in the 


case of one mill (Code EW), the transition temperature 
range began between —10 and —30° F., while, in the 
case of another mill (Code DZ), the transition tempera- 
ture range began between +60 and +20° F. The 
above is cited in further confirmation of the work re- 


ported by Herty and co-workers*: * on the effect oj mill 
practice on the Charpy properties of steel produced, It 
should also be added that the commercial designation 
mill practice, such as semikilled or rimmed, cannot jy 
employed to qualify or disqualify the steel prodyces 
inasmuch as the mill (Code EW) which rolled the ste. 
plates having a depressed transition is reported to ep. 
ploy a rimming steel practice, while the mill with the 
rather high transition range (Code DZ) is generajj 
employing a semikilled practice. 

The difficulty encountered in the numerous notched 
bar transition studies in connection with ship plate js 
that the results presented no basis of comparison with 
the potential behavior of this material under ship's 
service conditions. Although the conventional keyhole 
Charpy test provided information which adequately de 
fined the transition temperature range of the steel under 
the conditions of this test with capacity to qualitatively 
discriminate between steels, mills and processes, it failed 
to correlate with large-scale tests* in so far as the tem 
perature range of transition from shear- to cleavage-type 
fracture is concerned. 


y 


Fig. 1—Keyhole Charpy Fractures of Two Medium ee Steels Tested at Temperatures of 82 
to—5°F. 
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The authors have followed with interest the large- 
scale plate tests performed on a group of ‘‘project steels” 
at the University of California,’ University of Illinois® 
and the David Taylor Model Basin,’ and the hatch- 
corner tests performed at the University of Cali- 
fornia.’ They are in agreement with those who believe 
that these tests represent the closest approach to actual 
service conditions that has as yet been made. However, 
the fabrication and testing of hatch-corner assemblies 
and wide-plate specimens are time consuming and costly, 
but justifiable for the purpose of establishing basic and 
fundamental data for the development of a quality con- 
trol test procedure which would be simple and capable 
of predicting the service conditions under which ship 
plate would tend to fail with a predominantly cleavage- 
type failure. 

This paper deals with the development of a small- 
scale la‘soratory test which the authors choose to call a 
“tear test’? and its application to five of the project 
steels which were exhaustively studied for behavior under 
large-scale and other types of laboratory scale tests.‘~* 
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Fig. 3—Tear Test Plate Specimen with Keyhole Notch 


Description of Tear Test 


It has been concluded! that fractures in welded ships 
were caused by notches built into the vessel, either 
through design or as the result of workmanship prac- 
tices, and by steel which was notch-sensitive at operating 
temperatures. When an adverse combination of these 
factors occurs, the structure may be unable to resist the 
bending moments of normal service. Experience has 
shown that the crack originates at a point of stress con- 
centration and that it propagates by a tearing action, 
which progresses slowly in the case of a ductile-type 
failure and with explosive suddenness in the case of a 
brittle-type failure. In the latter type failure, the orien- 
tation of the herringbone or chevron markings in the 
fracture points to the origin of failure. 

In approaching the development of a laboratory-scale 
test method which would be capable of predicting the 
service conditions under which ship plate would tend to 
fail with a predominantly cleavage-type fracture, the 
authors adopted the following prerequisites: 
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Fig. 4—Apparatus for Conducting Tear Test Equipped with 
Liquid Bath Tank for Temperature Control (Tank in Lowered 
Position) 


(a) The test method shall be capable of sharply 
defining the transition from shear- to cleavage- 
type fracture. 

(b) The results of the test method shall show ade- 

quate correlation with large-scale plate tests. 
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Fig. 5—Apparatus for Conducting Tear Test Equipped with 
Liquid Bath Tank for Temperature Control (Tank in Raised 
Position) 


APRIL 


The 
brittle, 


to pr 
testin 


prince: 
test 
held 
large 
Th 
necti 
speci 
mly 
that 
"eTst 
inter 
limit 
this 
same 
ind, 
the ] 
T 
spec 
6, a 
spee 
men 
shee 
high 
loac 
ir 
3101 
glat 
en 
use 


3 
| 
; 
HEAD MOTION 
PACER ‘ a ) 
H 
* 
f 
if 
| 
RECORDER 
ar 
Ir 
19 


fhe test method shall be economical with regard 
to material, time and cost of preparation and 
testing. 

/) The test specimen shall be notched. 

The test specimen shall be subjected to asym- 
metric tension loading to simulate tearing ac- 
tion. 

f, The test shall be performed on full plate thick- 

; ness, and the test specimen shall include a 

sufficiently large fracture area for visual ex- 

amination of the fracture type. 


The transition from ductile, shear-type fracture to a 
brittle, cleavage-type fracture’ may be effected by 


a) An increase in the rate of loading, while tempera- 
ture and constraint (geometry of notch) are 
held constant. 

6) An increase in the constraint, while temperature 
and rate of loading are held constant. 

(c) A decrease in the test temperature, while rate of 
loading and constraint are held constant. 


Variation in the rate of loading in sufficient magnitude 
to produce brittle failure lies in the realm of impact 
testing and, as such, was not considered in the study of 
the adaptability of a tear test conducted under static 
loading conditions. 

A variation in the degree of constraint was given some 
consideration by the authors, but emphasis was placed 
principally on the third variable, namely, variation in 
test temperature with rate of loading and constraint 
held constant, as in the case of the internally notched 
large-scale plate tests.® 7 

The test specimen finally adopted and used in con- 
nection with the project steels is shown in Fig. 3. The 
specimen blank is flame cut from the plate and machined 
mly on the edge opposite the notch. It is to be noted 
that the notch is of the keyhole type and is cut trans- 
ersely to the direction of rolling, as in the case of the 
internally notched large-scale plate specimens. Pre- 
liminary work indicated that specimens prepared with 
this relatively simple notch gave results essentially the 
same as those obtained with several other types of notch 
and, hence, the keyhole notch was adopted for tests on 
the project steels. 

The test apparatus is shown in Figs. 4 and 5. The 
specimen is supported on pins mounted in shackles, Fig. 
, and subjected to static tensile loading at a cross-head 
speed of 0.05 in. per minute. During loading, the speci- 
men is completely submerged in a liquid bath for temper- 
iture control. The liquid bath tank is made of '/s-in. 
sheet steel with inside dimensions of 9 in. diam. x 17 in. 
gh and is lagged with 1'/, in. of insulation. The 
cover 1s provided with three holes, one for the central 
loading rod, the second for a thermocouple and the third 
‘or dropping in dry ice or for the insertion of an immer- 
sion heater. At the bottom of the tank is a stuffing 
gland through which passes a ground piston which 
erves as the bottom loading rod. A locking ring is 
used to keep the tank in an elevated position during 
temperature adjustment and test. By loosening the 
locking ring, the tank slides down on the piston rod by 
its own weight. Figure 4 shows the tank in a lowered 
position to permit insertion of a specimen in the shackles 
or removal of a broken specimen. After a specimen has 
deen inserted, the tank is lifted by hand, thereby sub- 
merging the specimen and shackles in the liquid bath, and 
the locking ring is tightened to support the tank in this 
position, 

An automatic load-extension diagram is obtained for 
each specimen to the point of complete failure. The 
area of this diagram represents the total energy input to 
iracture the specimen, and may be considered as made 


1948 


TRANSITION TEMPERATURE TEAR TESTS 


Fig. 6—Loading Shackles and Pins and Machined Tear Test 
Specimen 


up of two parts: one part to the left of a perpendicu- 
lar erected at the point of maximum load and the 
other to the right of this line. For all practical pur- 
poses, the former represents the energy required to induce 
initial cracking or tearing, while the latter represents the 
energy input to propagate the tear or crack from start to 
completion. It has been observed that the initial crack 
is actually formed slightly before reaching maximum load 
but this factor was not taken into consideration in meas- 
uring the two energy quantities since it does not appre- 
ciably affect their magnitude. 

It was expected that, for given geometrical characteris- 
ti¢s of notch, the energy value required to bring a speci- 
men to the point of initial failure would not depend upon 
the type of fracture finally induced in the specimen. On 
the other hand, the energy value to propagate the tear 
or crack from start (maximum load) to completion 
would depend to a considerable extent on the manner 
in which the specimen ultimately fails. In other words, 
specimens failing in a wholly or predominantly ductile, 
shear-type fracture would require considerable energy 
input, while those failing in a completely or predomi- 
nantly brittle, cleavage-type fracture would require 
little, if any, energy input beyond that required to induce 
initial cracking. 

It was further expected that a decrease in test tempera- 
ture (with rate of loading and constraint held constant), 
if extended to the point of effecting transition from duc- 
tile to brittle failure in ship plate, would produce a 
mechanism of failure similar to that observed in the 
internally notched large-scale plate tests. Tear tests 
performed at temperatures above, within and below the 
transition temperature zone for a given material should 
show no abrupt changes in the energy value required 
to induce initial cracking, while the energy required to 
propagate the tear or crack should show an abrupt 
change for temperatures above and below the transition 
temperature band. It was further speculated that tear 
tests conducted within the transition temperature band, 
if such be revealed by the test, should show scatter in 
the energy values required to propagate tearing and 
would be associated with fractures of a mixed type, that 
is, first partly shear and then cleavage. 

Typical load-extension diagrams for specimens tested 
at temperatures above, within and below the transition 
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Fig. 7—Typical Load Extension Diagrams Obtained in Tear Tests of */,-In. As-Rolled, Semikilled Steel Plate 
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temperature band of a representative */,-in. thick sh; 
plate steel are shown in Fig. 7. It will be noted th, 
these three tests made at temperatures of 65, 50 and 9: 
F. required maximum loads of 41,350, 42,100 and 40.53 
lb., respectively. The planimetered areas under th 
portion of the curve to left of the perpendicular erecte 
at the maximum load represent energy values required 
to start tearing of 1165, 1065 and 1044 ft.-Ib., respey. 
tively. Similarly, the areas to the right of the perpen. 
dicular represent energy input values to propagate tearing 
from start to finish (to 2500 Ib.) of 716, 396 and ()* 
lb. The corresponding fractures are shown in Fig, § 
The fracture to the left is representative of the fully di. 
tile, shear type and is associated with a high energ 
value (716 ft.-lb.) to propagate tearing. The fractyy 
to the right is representative of a predominantly britt}, 
cleavage-type fracture which is associated with an energ 
to-propagate value of practically zero. The middj 
fracture represents an intermediate condition whe 
some additional work was required to continue tearin 
but, after partial tearing with a shear-type fracture, thy 
specimen ruptured suddenly under a load of approx; 
mately 17,000 lb.; the balance of the fracture was of th; 
completely cleavage type. On the other hand, the may; 
mum loads and energy values to start tearing show on! 
slight variations and are relatively unaffected by thy 
mode of fracture. 


Fig. 


Application of Tear Test to Project Steels 


The authors had access to a portion of one plate fron 
each of the project steels investigated for behavior unde 
large-scale tests.°.®7 The five project steels listed i 
Table I have been investigated to date for tear test 
properties. 


Table 1—General Description of Project Steels Investigated’ 
Thick- 

Project ness, C Mun, 
Steel Process Condition In. v// 
Fully killed As-rolled 3/, 0.17 0.78 
Semikilled As-rolled a/4 0.16 0.76 
Semikilled As-rolled 3/4 0.25 0.49 
Semikilled As-rolled 3/, 0.25 0.51 
Rimmed As-rolled 3/, 0.23 0.37 


FOr 


* Chemical and tensile properties of these steels are shown in 
Figs. 9 to 13, incl. It is anticipated that a more complete ( 
scription of the steels will be found in items 5 and 6 of the bibliog 
raphy. 


Results of tear tests performed on these steels in [ull 
plate thickness at a sufficient number of temperatures t 
establish the transition from fully shear to completel) 
cleavage fracture are given in Tables 2 to 6, inclusive 
In most instances, tests were made in quadruplicate at 
each temperature. In addition to the maximum loa‘ 
and energy values to start and to propagate tearing, 
there is also included an evaluation of the mode of frac 
ture based upon a visual estimation of the per cent shear 
originating from the base of the notch. Plots of energ) 
values to start and to propagate fracture and the pet 
centage of shear in the fracture vs. test temperature ar 
shown in Figs. 9 to 13, inclusive. 

In connection with Figs. 9 to 13, it is to be observee 
that: 


(a) The energy values to propagate tearing alte 


* It is not implied that no energy was required to fracture this specime! 
since there is a certain amount of elastic energy accumulated in the syste" 
when loaded to the point of initial failure. A zero energy value simply ‘0° 
cates that no additional external work was required to produce complete ri 
ture after loading to initial failure. 
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Fig. 8—Fractures of Tear Test Specimens Corresponding to 
Diagrams of Fig. 7 


initial failure (max. load) are subject to a dis- 
continuous and abrupt change over a tempera- 
ture band (shaded area in graph), which marks 
the transition from ductile, shear-type to brit- 
tle, cleavage-type fracture. 

b) The energy to initiate failure or to start tearing 
is not subject to a discontinuous and abrupt 


Table 2—Tear Test Results of Project Steel ‘‘H’’ 


Table 3—Tear Test Results of Project Steel ‘‘B’’ 


Load, Energy Energy to Shear in 
Temp. Max., to Start, Propagate, Fracture, 
Lb. Ft.-Lb. Ft.-Lb. % 
80 39,500 1059 669 100 
39,300 970 626 100 
38,850 981 586 100 
39,600 1027 550 100 
70 38,300 1045 649 100 
38,100 1008 647 100 
39,900 1172 623 100 
39,750 1104 593 80 
65 41,350 1165 716 90 
41,100 1179 704 85 
39,700 1089 692 90 
60 38,500 1082 643 85 
39,000 1029 640 90 
38,650 934 473 65 
38,250 1027 25 10 
50 41,500 1160 514 7 

42,100 1065 396 50 
41,200 1095 239 35 
40 39,400 1013 513 80 
39,150 1072 467 80 
38,000 963 458 80 
38,700 939 0 5 
35 41,400 1144 716 85 
40,700 1089 530 70 
42,650 1201 508 75 
40,500 1044 0 5 
30 39,350 1023 460 65 
40,300 1018 309 35 
39,050 992 143 5 
40,800 1105 0 5 
20 39,800 1048 141 5 
39,800 964 23 5 
40,650 1050 0 5 
39,850 1000 0 5 
0 42,650 1250 21 5 
42,850 1128 20 5 
42,500 1153 5 
42,900 1187 0 5 
—10 41,650 1182 121 15 
40,500 1099 66 10 
42,350 1329 40 10 
42,100 1215 0 5 


change with variation in test temperature as in 
the case of the energy to propagate tearing. 
The relationship between energy to start tear- 
ing and test temperature, therefore, does not 
yield any pertinent information as to the exist- 
ence of a transition temperature region. 

(c) The percentage of shear in the complete fracture 


COMPOSITION] C [Mn] P| S.|Si [Ni 
(PERCENT) 17 1.78 1.012].03|.16 |.06|.04 |.013}.08 103710071005 
TENS. PROP. ly. P- 35000]T.S.-62550|ELONG. IN 8" (%)-29.8 

TO START 800 “ 3 re 

FRACTURE 

(FT.-LBS) 4 
TEST -20 0 20 40 60 80 100 140 

ENERGY To °° 

PROPAGATE |, 

FRACTURE 

(FT.-LBS) 500 $4 

ol $27 
TEST TEMP.CCF) -20 0 20 40 360.80 100 120 140 

PERCENT 

SHEAR IN 5 

FRACTURE 


Load Energy Energy to Shear in 

Temp., Max., to Start, Propagate, Fracture, 
“ve Lb. Ft.-Lb. Ft.-Lb. % 
70 41,500 947 769 100 
43,300 1155 686 100 
41,700 985 686 100 
41,100 966 609 100 
42,100 1051 606 100 
60 40,650 912 645 100 
44,600 1171 636 100 
42,100 1029 574 87 
41,700 993 512 100 
44,150 1175 484 55 
55 41,700 1072 634 90 
40,600 899 619 100 
41,650 1011 604 100 
41,000 930 556 80 
50 42,000 1022 630 100 
41,550 986 568 80 
41,400 947 549 100 
42,500 1067 273 47 
45 44,100 1114 657 85 
43,800 1001 620 100 
42,850 1078 0 5 
40 40,850 936 593 100 
40,100 836 169 17 
41,950 935 157 22 
41,150 975 0 3 
20 43,400 1038 424 55 
42.650 903 223 27 
43,150 1042 103 17 
42,650 963 53 10 
10 42,650 1029 315 40 
43,000 1110 260 27 
42,550 1038 215 30 
41,800 1024 45 5 
0 42,450 1105 0 5 
42,050 1090 0 5 
43,850 LO89 0 5 
42,550 1112 0 5 
—10 43,300 1141 76 15 
44,500 1093 0 6 
45,300 1179 0 5 
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Fig. 9—Tear Test Properties of Project Steel ‘‘H’”’ Fully Killed, 
As-Rolled, */,-In. Plate 
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Table 4—Tear Test Results of Project Steel ‘‘A’’ Table 6—Tear Test Results of Project Steel “F" 


(PERCE 
Energy Energy to Shear in Energy Energy to Shoe: P 
Temp., Load Max., to Start, Propagate, Fracture, Temp., Load Max., + to Start, oe le ea = 
°F. Lb. Ft.-Lb. —Ft.-Lb. Lb. Ft-Lb. —Ft.-Lb. ENER 
90 36,500 694 486 88 160 35,400 644 567 100 pide 
36,000 675 467 88 35,000 662 525 100 me 
80 36,750 723 507 79 34,900 638 505 100 (FT 
36,450 680 488 87 35,400 629 495 100 TEST TE 
36,800 742 469 86 150 34,800 626 596 85 
70 35,800 668 596 84 36,150 775 571 87 
35,000 684 537 O4 33,600 €08 570 83 ENER 
36,550 734 493 87 34,500 681 546 83 m 
36,450 677 0 6 145 34,250 693 515 100 PROF 
65 36,050 770 545 88 35,400 682 479 94 FRAC 
37,150 773 455 75 34,350 692 475 0 (FAT 
37,850 766 355 58 34,500 684 437 77 
36,950 744 239 36 140 33,150 547 497 95 
60 35,5 693 520 89 35,800 658 475 87 rest TI 
36,400 760 483 80 34,500 698 372 70 
35,700 708 469 77 35,100 535 0 5 PERC 
35,300 612 411 68 130 34,400 633 563 85 SHE! 
35,600 627 24 7 34,850 718 502 73 FRAC 
55 35,900 633 457 77 35,950 676 469 75 Le 
36,100 686 428 70 35,400 650 0 6 1] 
36,250 685 420 65 120 34,750 672 450 33 Fig. 
37,100 681 >» 171 27 35,150 570 247 65 
50 37,100 730 279 43 35,250 589 0 3 
36,550 660 227 28 34,750 538 { 
36,850 720 195 32 115 35,300 614 0 5 
35,250 523 0 3 35,050 636 0 7 COMP 
40 37,800 738 210 34 35,100 678 0 j tes 
37,300 734 189 33 34,100 569 0 2 ee 
36,750 713 88 17 110 34,700 487 261 10) TENS 
35,350 549 0 5 34,450 505 0 5 .. 
30 36,350 688 138 9 34,650 697 0 12 oj 
37,000 711 73 19 35,400 577 0 3 ; 
37,800 717 0 14 100 36,000 659 0 3 shat 
20 37,000 646 0 4 34,500 639 1) 5 (F 
36;550 630 0 2 35,000 624 0 2 TEST 1 
38,500 773 0 4 34,500 546 0 2 a 
10 38,200 704 0 2 60 37,500 652 0 0 
37,100 695 0 4 35,650 618 0 2 ENE 
36,150 544 0 3 36,000 657 0 3 onc 
0 37,850 664 0 3 
36,000 547 0 2 
37,600 677 0 6 F 
oe = shows a discontinuous and abrupt change over 
a temperature band (shaded area in graph TEST 
— which similarly marks the transition from duc- pa 
Table 5—Tear Test Results of Project Steel ‘‘C’’ tile, shear-type to brittle, cleavage-type frac SH 
ture. The transition temperature band as FR, 
Energy Energy to Shear in defined by the energy-to-propagate values oc- 
oR” curs at virtually the same location in the tem- Fig. 
. > perature scale as the transition band defined b) 
160 37,500 664 461 95 , 
38,850 622 449 90 the percentage of fracture in the shear mode. 
s 37,500 635 408 90 
150 39,650 644 420 80 
9 (PERCENT) [.16 |.76|.01!|.03] 05].05].04 (PE 
39,300 636 372 80 TEN: 
145 39,600 663 596 90 TENS. PROP. ly.P.-31850 /T.S.-5©980 |ELONG.IN 8" (%)- 33.5 
38,600 665 428 80 en 
i 39,000 690 406 72 
39,200 639 398 78 TO START 400 
140 40,700 724 603 90 FRACTURE S@8aan 
39,500 701 520 80 (FT.-LBS) goo 
39,850 681 502 85 TEST TEMP('F) -20 0 20 40 60 80 100 120 140 | TES 
135 38,150 693 408 75 
38,500 744 38 15 pore 2 
8,450 622 0 5 
130 39,750 684 418 78 4 p 
39,250 710 408 73 
39,700 680 327 55 FRACTURE 
39,250 660 0 5 (FT.-LBS) 
120 39,350 684 238 43 
38,400 589 0 3 (ZZ | | 
39,650 626 0 3 40 TES 
39'800 730 > TEST TEMP.CF) 20 20 60 £9 100 120 140. 
115 40,000 649 0 3 PERCENT 
40,300 694 0 5 SHEAR IN 5 44 
9, 648 0 3 +4 F 
110 39,100 598 0 3 ol_L4 mts 
P Fig. 10—Tear Test Properties of Project Steel “B” Semikilled, Fig 
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: 
ri 


[Mn] S [Ni [cr [Me] Cu N Typical fractures of tear test specimens of the five 
(PERCENT) 251.49 |.011|0451.04 |.03 |.04|004].01 — project steels obtained at temperatures above, within 
eh ENS. PROP. ly.P.-34090 |T.S.-58640 |ELONG.IN 8" (%)- 33.4 and below the transition temperature zone are shown in 
1200 Fig. 14. Each fracture represents half of a broken 
specimen; beneath each fracture is given the energy 
800 value required to propagate tearing and the percentage of 
Shear in the fracture. Each group of 3 or 4 fractures 
M) Fest TEMP(F) "20 O 20 40 60 80 100 120 140 has been identified with the test temperature in degrees 
5 — Fahrenheit. In connection with Fig. 14, it will be ob- 
4 90 served that: 
° 
3 PROPAGATE i} ” (a) When the fracture of a specimen was completely, 
" FRACTURE GES or nearly so, of the ductile, snear-type, the 
(FT-LBS.) Zz energy value to propagate tearing was high. 
7 yo (6) When the fracture of a specimen was completely, 
5 oL | bbb GY or nearly so, of the brittle, cleavage-type, the 
: rest TEMP.CF) 20 0 20 40 60 100 120 140 energy input to rupture after reaching maxi- 
5 PERCENT $5: ¢ mum load was practically zero. 
5 SHEAR IN 5 7 (c) When the specimen exhibited a mixed fracture, 
3 FRACTURE PETE TSS that is, first partly shear and finally cleavage, 
the energy value fell between these extremes 
3 Fig. 11—Tear Test ‘ees of Project Steel “A” Semikilled, and was roughly proportional to the percentage 
. olled, */,-In. Plate of shear appearing in the fracture. 
, In connection with the fractures of steels C and E ob- 
5 tained within and below the transition temperature band, 
7 COMPOSITION] C [Mn| P| S [Si [Ni there appears a “‘finger-nail’’ pattern of alternate ‘‘shear’”’ 
(PERCENT) |.25].5! 10141035104 7}.013].02 |004).02 and cleavage areas which was not evidenced by any ir- 
) TENS. PROP. ly.P.-35500 [T.S.-65240 |ELONG. IN 8" (%)-30.3) regularities in the corresponding portion of the load- 
5 "he extension diagram. The authors are not in a position 
. TO START go, at this time to offer any explanation for this mechanism 
FRACTURE | , of fracture propagation. In evaluating these fractures 
; (FT.-LBS) goo [ and their correlation with energy-to-propagate values, 
2 TEST TEMP(°F) -20 O 20 40 60 80 100 120 140 the percentage shear values were based on the shear area 
; | originating from the root of the notch, rather than the 
: 600 , sus of all “shear’’ areas present in the fracture. This 
mea s: approach was founded on the observation that cleavage 
mactuae A fracture, developed subsequently to any initial shear at 
(FT -LBS) YG the root of the notch, caused rapid propagation of the 
200 Gy tear with resulting low energy values, regardless of any 
over FHYA shear-like areas appearing thereafter. 
aph TEST TEMP.(CF)..-20 0 20 40 60 80 100 120 140 Reference was previously made to preliminary work 
duc ence 10 Sige? = which indicated that specimens prepared with the simple 
rac SHEAR IN 580 Se keyhole notch gave results essentially the same as those 
la FRACTURE MIN obtained with several other relatively more complex 
 OC- re) notches. The effect of a jeweler’s saw-cut notch, 0.010 
fem- Fig. 12—Tear Test Properties of Project Steel ‘\C’’ Semikilled, in. in width, vs. the conventional keyhole notch is shown 
d by As-Rolled, */,-In. Plate for steels A and E in Figs. 15 and 16, respectively. It is 
ode. evident that the absolute location of the transition band 
with respect to the temperature scale was not appreciably 
affected by the increase in notch constraint. However, 
N] COMPOSITION] C [Mn] P| [Ni] Cr |Mo|Cul Sn] N the sharper notch does tend to narrow the width of the 
(PERCENT) _1.23].37 10!7}020,004).17 1.08 }0151.19 transition temperature band. The energy values to start 
TENS. PROP. JELONG IN 308 | tearing in specimens prepared with the jeweler’s saw- 
TI] ENERGY | | | cut notch were found to decrease appreciably with re- 
4 TO START 450 e duction in test temperature, especially in the case of 
ia FRACTURE Le : rimmed steel E. In addition, specimens prepared with 
— I —— energy values to start initial failure; this is px ssibly due 
= 1 —T t to more severe stress concentration at the root of this 
0 ENERGY TO 600 + | type of notch. 
LJ PROPAGATE |, | } 
LJ PRACTUNE | ZB Correlation with Large Scale Plate Tests 
(FT.-LBS.) 
200 
7 0 al ale ke The acceptability of a new test method for quality 
TEST TEMP.CF) 20 40 150 control is dependent upon the extent of its relative corre- 
PERCENT lation with service conditions or test methods which are 
a SHEAR IN 50 EY | | considered to be the closest approach to service condi- 
| FRACTURE 7 es tions, as compared to established or other propr ysed con- 
trol methods. Since it is generally agreed that large 


d, Fig. 13—Tear Test Properties of Project Steel “E” Rimmed, scale plate tests®: ® represent the closest approach to ac- 
As-Rolled, */;-In. Plate tual service conditions, the authors’ next objective was 
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Fig. 14—Typical Tear Test Fractures of Project Steels at Temperatures Above, Within and 
Below Transition. Reduced to '/, Size 
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Fig. 15—-Effect of Keyhole vs. Jeweler’s Saw-Cut Notch on the Tear Test Properties of Project Steel ‘‘A’’ 


to investigate the correlation of the tear test indications On the basis of visual examination of the fractures, 
with those reported for the internally-notched 72-in. the mean tear test transition temperatures for steels H, 
wide-plate tests. B, A, C and E are approximately 10, 12, 28, 37 and 35° 


The upper portion of each of Figs. 17 to 21, inclusive, F. higher, respectively, than the mean transition temper- 
shows the location of the transition range for the par- atures for the 72-in. wide-plate specimens. 
ticular project steel as defined by the percentage of frac- The lower portion of each of Figs. 17 to 21, inclusive, 
ture in the shear mode obtained from the 3- x 5-in. tear shows the location of the transition zone for the particu- 
test and the 72-in. wide-plate tests. The broken vertical lar project steel as defined by energy required to propa- 
line within the shaded transition band for the gate fracture in the case of the tear test and energy re- 
(a) tear test represents the mean transition tempera- tired to reach maximum load in the case of the /2-in. 
ture based on the value of temperature at the wide-plate test.* The broken vertical lines represent 
middle of the scatter region corresponding to the mean transition temperatures as defined abc ve. On 
the change from shear- to cleavage-type frac- the basis of energy values, the mean tear test transition + 
ture. temperatures for steels H, B, A, C and E are approxi- 
(b) 72-in. wide-plate test represents the mean transi- ™a@tely 8, 12, 25, 37 and 35° F. higher, respectively, than 
tion temperature based on the value of tem- the mean transition temperatures for the 72-in. wide 
perature corresponding to an energy value on plate 
the steeply sloping portion of the energy-tem- A comparison of the mean transition temperatures of 
perature curve approximately halfway between ae 
: ode ; Exception is to be made in the case of steel E* for which the evaluation was 
the maximum and minimum energy values. based on total eneray to fracture 
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Fig. 16—Effect of Keyhole vs. Jeweler’s Saw-Cut Notch on the Tear Test Properties of Project Steel “E’’ 
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Fig. 17—Location ot Transition Ranges as Defined by} Per Cent 
of Fracture in Shear Mode and by Energy Values as Derived 
from 3- x 5-In. Tear Tests and 72-In. Wide-Plate Tests. Project 


Steel 


‘H’ 


steels H, B, A, C and E as determined by the tear and 
72-in. wide-plate tests, together with other related data, 


is presented in Table 7. 


The temperature which marks 


the beginning of transition has also been indicated for 


the tear test but not for the wide- -plate test since 


, in the 


latter instance, the number of specimens tested for each 
steel was insufficient to define accurately the beginning 


of the transition band. 


It is to be noted that both the 


tear and wide-plate tests rate the five steels in the same 
order (E, C, A, B, H) of relative tendency to shift from 


ductile to brittle behavior with decreasing Lemperatup, 
In every case, the transition temperatures indicated | 
the tear test were higher than those reported for th 
wide-plate tests® * by the amount AT which is app 

mately 25-35° F. for steels E, C and A and 1() F 
steels B and H. It should also be observed that th 
former group represents steels of a manganese to car rn 
ratio of 2 and under, while the latter group represey 
steels of a manganese to carbon ratio of over 4. ge ' 
be emphasized, however, that while the AT vabied 
manganese to carbon ratios place steel A with E and ¢ 
the transition temperature for steel A places it « ‘losely 
steels B and H. 

Mean transition temperature values have been yy 
for comparison purposes, inasmuch as the informatiy 
derived from 72-in. wide-plate tests did not permit 
accurate evaluation of the temperature at start of trays 
tion. In view of the fact that the width of the trans 
tion band varies considerably, which in turn causes 
variation in the difference between the mean and stay 
of transition temperatures, the authors believe that th 
evaluation should be based on the temperature which firy 
marks the change from shear- to cleavage-type failur 
The test temperature intervals in this region should be ys 
close as practicable. 

The authors appreciate the fact that the work pr 
sented in this paper was limited to #/4-in. thick, ‘ 
rolled”’ steel plate, and that a change in thickness wou! 
result in a corresponding shift in the location of t! 
transition temperature band, an increase in thickness r 
sulting in a shift to a region of higher temperature, a 
a decrease in thickness to a region of lower temperatur 
The evaluation of the effect of thickness on the locatio 
of the transition region for a given steel remainis to 


established for a change in thickness by rolling or by 


machining. 


As concluded by the Board,! existing specifications 
for ship plate are not sufficiently selective to exclud 


Table 7—Summary of Correlation Between Transition Temperatures as Determined by Tear and 72-In. Wide-Plate Tests 


TEAR TEST 72" WIDE PLATE | 
STEELIPROCESS| | TRANSITION TEMP., °F | MEAN TRANSITION) OT, | OT2| 
START |MEAN | MEA a 
H | .7e | so 30 28 20 +10 | +8 | 46) 
KILLED 
SEMI- 
B KILLED .76 60 45 45 33 +12 [+12 4.1 | 
SEMI- | 
KILLED 25 .49 70 63 60 35 +28 
SEMI- 
c KILLED 25 51 135 127 i127 $0 +37 |+37 2.0 
RIMMED] .23 .37 140 130 130 $5 +35 |+35 | 
NOTES: (@) BASED ON BOTH FRACTURE AND ENERGY-TO-PROPAGATE EVALUATION. 
(b) BASED ON FRACTURE EVALUATION. 
BASED ON ENERGY-TO-PROPAGATE EVALUATION. 
(d) BASED ON VALVE OF TEMPERATURE CORRESPONDING TO AN ENERGY VALUE ON THE 
STEEPLY-SLOPING PART OF THE ENEARGY- TEMPERATURE CURVE APPROKIMATELY 
HALFWAY BETWEEN THE MAXIMUM AND MINIMUM ENERGY VALUES. 
(€) TEMPERATURE DIFFERENTIAL BETWEEN MEAN TRANSITION TEMPERATURE OF 
WIDE- PLATE TEST AND TEAR TEST FRACTURE EVALUATION. 
(#) TEMPERATURE DIFFERENTIAL BETWEEN MEAN TRANSITION TEMPERATURE OF 
WIODE-PLATE TEST ANDO TEAR TEST ENERGY-TO-PROPAGATE EVALUATION. 
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Fig. 18—Location of Transition Ranges as Defined by Per Cent 

of Fracture in Shear Mode and by Energy Values as Derived 

from 3- x 5-In. Tear Tests and 72-In. Wide-Plate Tests. Project 
Steel 


steel which is notch-sensitive at ship operating tempera- 
tures. Consequently, it becomes imperative to aug- 
ment existing specifications for the purpose of incorporat- 
ing a test requirement which will discriminate between 
steels that tend to fracture in a shear-type mode and 
steels that tend to fracture in a cleavage-type mode 
under service conditions. It is conceded that the so- 
called service conditions require definition for a particu- 
larapplication. However, should it be established on the 
basis of large-scale or simulated service tests that a par- 
ticular steel of known tear-test transition characteristics 
is of acceptable quality for a specific purpose, the tear 
test method could then be utilized for quality control 
purposes by conducting the test at a single temperature 
just above the temperature at start of transition. Such 
tests should show at the selected temperature a com- 
pletely shear or ductile-type fracture with no evidence 
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Fig. 20—Location of Transition Ranges as Defined by Per Cent 

of Fracture in Shear Mode and by Energy Values as Derived 

from 3- x 5-In. Tear Tests = 72-In. Wide-Plate Tests. Project 
teel “C”’ 
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Fig. 19—-Location of Transition Ranges as Defined by Per Cent 

of Fracture in Shear Mode and by Energy Values as Derived 

from 3- x 5-In. Tear Tests and 72-In. Wide-Plate Tests. Project 
Steel 


of cleavage or brittle-type fracture in the major portion 
of the fracture area starting from the root of the notch. 
For example, if it should be established that project steel 
A is of minimum acceptable quality for ship plate, qual- 
ity control tear tests of */4-in. thick steel plates for the 
same application could be conducted at the mills at a 
single temperature of, say, 80° F., the results of which 
would indicate by fracture evaluation whether or not 
the steel is equal to A. It is to be noted that tests con- 
ducted at 80° F. would definitely eliminate project steels 
C and E and favorably reflect on steels B and H. 


Conclusions 


The tear test method is capable of sharply defining 
the location of the transition temperature range of ship 
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Fig. 21—Location of Transition Ranges as Defin 

of Fracture in Shear Mode and by Energy Values as Derived 

from 3- x 5-In. Tear Tests .~ or Wide-Plate Tests. Project 
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plate and related materials, using either the energy to 
propagate tearing or the percentage of shear in the frac- 
ture as the basis for evaluating the change from ductile- 
to brittle-type fracture. The two bases of evaluation 
yield the same temperature region of transition. 

The tear test method reveals, in a marked manner, 
differences in the behavior of steels with respect to their 
relative susceptibility to cleavage fracture. The method 
has suecessfully brought out differences in the behavior 
of project steels A and C in the same manner as the 72-in. 
wide-plate test, whereas these differences were not evi- 
dent from the conventional Charpy notched-bar tests 
or static physical tests. 

The tear test and the 72-in. wide-plate test methods 
rate the five project steels in the same order (E, C, A, B, 
H) of relative tendency to shift from ductile to brittle 
behavior with decreasing temperature. Fully killed 
steel H required the greatest reduction in test tempera- 
ture before undergoing a change from shear- to cleavage- 
type fracture. 

The tear test method indicates transition tempera- 
tures which are, in every case, somewhat higher than the 
corresponding transition temperatures as determined 
by 72-in. wide-plate tests, the difference being approxi- 
mately 25 to 35° F. for project steels A, C and E and 
10° F. for project steels H and B. 

The correlation between the tear test and 72-in. wide- 
plate transition temperatures is reasonably good. 

The tear test method is worthy of consideration for 
quality control of ship plate and related steels inasmuch 
as: 


(a) It is economical in regard to material, time and 
cost of preparation and testing. 

(b) It utilizes a test specimen which is simple in de- 
sign and readily reproducible. 

(c) The plate is tested in full thickness and the speci- 
men includes an adequate fracture area for 
visual evaluation of the fracture type. 

(d) The evaluation may be made by a visual esti- 
mation of the percentage of shear in the frac- 
ture without the need for making energy 
measurements. 

(e) The testing procedure is simple. For quality 
control purposes, it may prove to be sufficient 


to conduct the test at a single predetermine, 
temperature, the acceptance prerequisite beins 
that all specimens tested at the selected ten, 
perature show a predominantly shear mode , 
fracture. 7 
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Discussion 


By E. M. MacCutcheon* 


HE authors of the paper are to be congratulated 

for having developed a notch sensitivity test 

which is unique in its simplicity and in the fact 

that it correlates with large-scale structural tests. The 
authors deserve an additional commendation for preparing 
a clear and readable paper with numerous illustrations in- 
corporating the test data in a very understandable form. 
It was noted with interest that the authors made a plea 
for a steel specification incorporating a notch sensitivity 
test as long ago as 1936. The importance of notch sen- 
sitivity was not generally recognized at that time and 
the authors are clearly pioneers in the field. The recent 
ship structural failure problem accelerated the research 


* Naval Architect, U. S. Coast Guard. 
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in this field and the investigation resulted in conclusions 
regarding the need for a notch sensitivity test in steel 
specifications. The authors’ early opinion was reinforced 
and the path toward the goal cleared by widespread 
education of the engineering world regarding the impor 
tance of notch sensitivity. These points have alread 
been mentioned by the authors; however, in spite of th 
compelling need for a notch sensitivity standard, it is in 
teresting that the tear test described in this paper pr 
sents one of the first practical proposals for a specitica 
tion test. 

With regard to details in the paper, I would like to ask 
the reason why the authors compare the transition 1! 
terms of 50% shear fracture for the tear test with tran 
sition based on 50% energy absorption for the larg 
plates. Was this done because of the difficulty in selec 
ting the shear-cleavage transition from the few flat plat 


- tests available? I have attempted to give an approx 


mate comparison between the 50% shear on the tear test 
and 50% shear on the large flat plates in the tabulation 
which follows: 
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Transition Temperature, ° F. 


50% Shear 
Tear 72-In. 
Steel Test Plate Difference Dispersion 

H 30 20 +10 —10 
B 45 50 — 6 —29 
A 55 40 +15 — 5 
Cc 135 95 +40 +20 
E 125 95 +30 +10 
Average +20 Range 45 


I believe, however, that the tear tests can be equated 
more nearly to the commencement of failure on the large 
plates and believe it would be more logical to compare 
the lowest temperatures at which the specimens exhibit 
100% shear fracture. A tabulation of this nature fol- 


lows: 
Transition Temperature, ° F. 
100% Shear 

Tear 72-In. 

Steel Test Plate Difference Dispersion 
H 60 25 +35 — 2 
B 70 55 +20 —17 
A 75 40 +35 — 2 
Cc 155 100 +55 +18 
} 155 115 +40 + 3 
Average +37 Range 35 


It will be noted for either tabulation that the number 
of 72-in. flat plate tests is small, also there isa large hu- 
man factor in selecting the temperatures and consider- 
able dispersion is bound to result. Considering this, the 
correlation between the tear tests and the flat plates on the 
basis of any of the comparisons set forth, either in this 
comment or in the original paper, must be considered good. 

I note that the authors consider asymmetrical tension 
loading to be essential to a suitable specimen. Why is 
this so? Angular asymmetry and strain gradients of the 
order exhibited in the tear tests could not be expected in 
the structure of a ship. The large expanse of plating, 
depth of girders and other factors force the structure to 
remain essentially in line. In actual failures, while the 
fractured edges at the starting point move apart mere 
fractions of an inch, the fracture may propagate many 
leet. 

The asymmetrical specimen makes interpretation of 
results from the ship designer’s standpoint more difficult. 
Yield point is an important design criterion. Ultimate 
strength in the presence of a notch may still prove to be 
another important criterion. Nominal stress values 
corresponding to these characteristics cannot be obtained 
on an asymmetrical specimen. That such values can be 
obtained on a symmetrical notched specimen remains a 
question but the answer is worth striving for. If all of 
these characteristics can be evaluated in a single test, the 
specification test requirements can be simpiified and 
economy of testing result. Some of those present may 
wonder at my mention of ultimate strength. We have 
talked so much recently of energy absorption that this 
characteristic has faded into the background. Recently 
on reviewing the results of the hatch corner design study 
just described by Professor DeGarmo, it occured to me 
that there is still room for the concept of ultimate 
Strength. My present idea of the relation between ulti- 
mate strength and energy absorption is that they are 
yardsticks for evaluating separate phases of the failure. 

Returning to the matter of asymmetry, I would like to 
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question further, does the presence of asymmetry magnify 
the difference between energy absorption values record 
for ductile and brittle failures? If so, the asymmetry 
has merit and becomes a desirable quality. On the other 
hand, specimens of other geometries, such as the intern- 
ally notched specimens, give correspondingly pronounced 
differences in energy absorption when measured on the 
basis of energy to maximum load but they are symmetri- 
calspecimens. Is it not possible that equally pronounced 
differences in energy absorption could be obtained in 
a symmetrical and externally notched tensile specimen 
similar to the tear test described in this report? 

In addition to the question of asymmetry, there are 
other practical considerations which should be reviewed 
before the dimensions of the test specimen are ultimately 
fixed. It appears that the dimensions of that portion of 
the specimen, where the loading is applied, are marginal. 
In the steels of low yield point but high notch resistance, 
the hole elongates and the pin is pinched, making it diffi- 
cult to change specimens. Tests on thicker plates indi- 
cate that the strength of the pin is critical and special 
steels must be used in its manufacture. Why are these 
dimensions so sacred? The relation of the depth and 
shape of notch to the plate thickness is probably the im- 
portant factor in establishing the transition temperatures 
exhibited by this specimen. The sectional area in way 
of the notch is limited by the capacity of the test machine 
but there appears to be no reason why the other dimen- 
sions should be marginal. Why cannot the other por- 
tions of the specimen be so designed that the stresses will 
not even pass the yield point before failure occurs in the 
test section? The principal feature of the tear test is its 
ability to match and even exceed the transition tempera- 
tures exhibited in the large flat plate specimens. I be- 
lieve that many of the dimensions can be altered without 
destroying this correlation. Let us not burden this im- 
portant test with dimensional restrictions which will 
limit its practical application. 

It appears that the test described by the authors of the 
paper may be the parent of a steel specification test which 
will receive almost universal adoption for structural pur- 
poses. I wish to congratulate them on the development 
of this test and I am sure that they will not consider their 
task complete until they have exhausted the possible al- 
ternate geometries which might permit of a broader prac- 
tical acceptability of the test. 


Discussion 


By A. B. Bagsar* 


HE authors are to be congratulated for contrib- 

uting valuable test data on the effect of tempera- 

ture on fracturing characteristics of metals. We 
have several good theories on strength of materials but 
not sound theories which explain the precise details of the 
mechanism of fracturing of metals. 
« The effect of notches on behavior of materials has been 
known to man for a long time. It is a very interesting 
phenomenon. Since its adoption for testing of metals 
some 50 yr. ago it has allured many investigators into test- 
ing of notched bars of various types. We have been al- 
lured into this field ourselves. Being actively engaged 
in shipbuilding as well as in pressure vessel fabrication 
fields, we have conducted during the past several years 
and are still conducting investigations on occurrence of 


* Chief Metallurgical Engineer, Sun Oil Co 
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cleavage fractures in steel plates of various qualities, by 
the use of externally notched test coupons. A paper sumi- 
marizing results of our tests was submitted several months 
ago to the Bureau of Ships, Navy Department, for in- 
formation and comments. There is no need of describing 
here the details of our findings, since the paper was pre- 
sented at the annual meeting of A.S.M.E., Dec. 1-5, 
1947, and is available in preprinted form. Our paper 
contains data on the effects of coupon and notch geome- 
tries, rate and extent of eccentricity of loading, heat 
treatments and of temperature of testing. In our tests we 
have used tensile-bend type coupons with “‘hinged’’ load- 
ing, similar to the one used by the authors, also other 
types of test coupon. The comments given below are 
‘intended as constructive criticisms. 

There are sufficient experimental data available indi- 
cating that the transition temperature range of a steel 
cannot be defined without defining the imposed state of 
stress which causes fracturing. Under given conditions, 
the state of stress, in turn, is defined by the geometry of 
the test coupon and of the notch used. By the change of 
the latter the transition temperature range changes un- 
less the effect of ‘‘mass’’ is somehow eliminated. If the 
geometry of the section and the notch of the proposed 
coupon was chosen by the authors arbitrarily, or on the 
basis of convenience or expediency, it is difficult to see 
how the transition temperatures determined by their 
mehod could be expected to have a definite relationship 
with those encountered in service. On the basis of our test 
results it appears that the proposed test coupon is not 
sufficiently rigid and that the notch used does not have a 
sufficiently small root radius to assure development of 
of cleavage fractures consistently. Rigidity in the test 
coupon is required to obtain high potential energy levels 
before fracturing occurs, and notches with small root 
radii are necessary to induce stress concentration of high 
order. Both above factors favor development of cleav- 
age fractures of the type and spontaneity encountered in 
service. Because of the geometry of the test coupon used 
by the authors, excessive yielding and distortion of the 
section as a whole are produced before fracturing occurs. 
The initial fractures originating from the notch appear 
to be mostly of the shear type but change into the cleav- 
age type as the root radius of the notch is decreased by 
the fracture, the latter changing into shear fracture again 
as additional bending is produced, and so on. This may 
account for the ‘‘finger-nail’’ appearance of the fracture 
described by the authors. Under the circumstances, 
the measured specific work of fracturing is likely to 
be misleading, and could not be expected to be the 
same from test to test. The fracture should be essen- 
tially of the cleavage type below the transition tempera- 
ture range and of the shear type above that range. 

The statement is made in the paper to the effect that 
the breaking loads are the same for sections failing by 
cleavage fracturing as those failing by shearing. Our 
tests indicate that the above is not true if notches less 
than 0.01 in. (Izod notch) in root radius are used. Ac- 
cording to our tests the unit breaking loads of sections 
developing cleavage fractures can be as much as about 
45% lower than those of section failing by shear frac- 
tures, if the root radius of the notch used is of the order 
of 0.001 to 0.003 in. and if the test coupon used possesses 


the required rigidity. It is obvious then that with 4, 
use of a test coupon and notch of the proper geometry ; 
is possible to determine the temperature range at whi: 
a given steel changes its mode of fracturing from shear; 
cleavage or vice versa, by simply measuring the yp; 
breaking loads of the steel at various temperatures, with 
out measuring the specific work of fracturing. In {yo 
the work involved for propagating cleavage fractures ; 
of such type that cannot be measured by the methy 
used by the authors. | 
The authors compare the transition temperatyy, 
ranges determined by their method with those indicat. 
by the tests made on 72-in. wide plates, and state that 
fairly good correlation exists between the two tes 
Due to the type of notching and loading used in the 7.; 
wide plates there seems to be no absolute theoretical ,, 
practical justification to assume that the transition ter, 
eratures determined by the latter are those obtained » 
service. The tests made by DeGarmo and associates »y 
full-size hatch corner structures, cited as reference by th, 
authors, appear to be more representative of service coy 
ditions. A comparison of the authors’ results with th 


Dr. 
iutho 


latter would be very illuminating. = 
It would also be illuminating if the authors had jy which 
cluded in the paper a comparison of their results wit nantt 
those obtained by the standard keyhole notched Charp) opino 
tests. Data are given on the Charpy keyhole note! ideqt 
transition temperatures for steels A, B, C, E and H in th — 
paper of Gensamer and associates, also cited as reference 
by the authors. The difference between the transitio: close 
temperature ranges shown for these steels by the authors woul 
tear tests and those by the Charpy impact tests is as J oy] 
follows: Steel A, 60° F.; Steel B, 75° F.; SteelC,112°°. & tests 
Steel E, 100° F.; and steel H 78° F. It is obvious that } 
the difference between the Charpy and authors’ tests s jor ¢ 
not a constant. I also find from the above analysis that jure: 
the Charpy keyhole tests and the 72-in. plate tests classify Bj, 
these steels with respect to their transition temperatures D 
in the same order. pon 
It is obvious from the above discussion then that the _ 
results obtained by the proposed test coupon and pro rigic 
cedure have to be corrected for each steel in each thickness BH joy 
by some correction factor of an unknown value, even if w: a 
assume that the test procedure were capable of yielding HF ;,.; 
reproducible results. If a laboratory test coupon or & the 
“compromise’’ test specimen is to be used, why should je. 
not the standard Charpy impact keyhole coupon be con J ya 
sidered, the correction factor for which according to our BH j ; 
tests appears to be less complicated than that for the pro nai 
posed test coupon? If the Charpy coupon is too expen- FB ty; 
sive to make, simpler and cheaper coupons can be con- FH gor 
sidered and investigated, unless the use of a more com ras 
plicated testing procedure such as the one proposed F no 
could be shown to be more advantageous and reliable the 
The most difficult task would be to correlate smali scale F 


tests with service conditions. If this is possible to 
obtain, it is obviously preferable to do it on a rational 
rather than on an arbitrary basis. As stated above, the 
transition temperature range of a steel is not a fixed temp 
erature range, but can be shifted from one level to 
another. The one that has a practical significance is the 
transition temperature range that is definitely related to 
service conditions. 
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A Method of Evaluating 
Transition from Shear to 
Cleavage Failure in Ship 
Plate and Its Correlation 
with Large-Scale 
Plate Tests 


By N. A. Kahn and E. A. Imbembo 
(Authors’ Closure by Letter) 


Dr. Bagsar* apparently has failed to recognize the 
iuthors’ objective as set forth in the paper, namely, the 
development of a quality control test procedure which is 
simple and capable of predicting service conditions under 
which ship plate would tend to fail with a predomi- 
nantly cleavage-type fracture. The authors are of the 
opinon that the relatively simple test method established 
idequate correlation with results obtained from the 72- 
in. wide plate tests as reported by the Universities of 
California and Illinois, the latter tests representing a 
close approach to service conditions. The authors 
would have welcomed an opportunity to correlate the 


| results of the tear test with those of the Hatch-Corner 


tests as reported by Prof. DeGarmo. Unfortunately, 
the hatch-corner tests were conducted on a limited num- 


) ber of steels and at an insufficient number of test tempera- 
| tures to fully define the transition temperature region 
' from shear to cleavage fracture. 


Dr. Bagsar proposes a test method based upon a cou- 


pon which has sufficient rigidity and acuity of notch to 


assure development of cleavage fracture consistently, 
ngidity being a prerequisite for high potential energy 
levels to fracture and high notch acuity (less than 0.010- 
in. root radius) being necessary to induce stress concen- 
The test method as proposed by 
the authors is intended to define transition from shear to 


» cleavage fracture in a manner which correlates with large- 
| scale plate tests, or simulated service tests rather than 


to induce cleavage failure under all conditiens. Finger- 
nail patterns in the fractures were associated with but 
two of the steels tested and were observed only for tests 
conducted in the vicinity of the transition temperature 
range. In all other instances, the fingernail patterns did 
not appear, which indicates that they are associated with 
the nature of the steel rather than with the geometry of 
the test coupon. 

The characteristic fractures obtained with the authors’ 
tear test were consistently of the cleavage-type below 
transition, of the predominantly shear-type above transi- 
tion, and of the mixed-type within transition, i.e., first 
shear and finally cleavage. It would appear from Figs. 
|5 and 16 of the paper that, with the authors’ test coupon 
design, even a notch acuity as obtained with a 0.010-in. 
width jeweler’s saw cut does not affect the location of the 
mean transition temperature. On the other hand, the 
breaking loads associated with the sharper notch did not 
show any marked change with the mode of fracture. 
From a practical point of view, the evaluation of transi- 
tion, as pointed out in the paper, can be made on the 
basis of fracture appearance without necessarily measur- 


* A. B. Bagsar, Chief Metallurgist, Sun Oil Company Philadelphia, Pa. 


ing the specific work of fracturing. It is significant that 
the change in the energy to propagate the fracture with 
test temperature closely parallels the change in the mode 
of fracture. 

MacCutcheont considers the tear test promising in the 
evaluation of notch sensitivity of ship plate steels, which 
is gratifying to the authors in view of his extensive ex- 
perience in the study of actual ship casualties. He asks 
why we compare the transition in terms of 50% shear 
fracture for the tear test with transition based on 50% 
energy absorption for the large plate tests. Actually, it 
is to be noted from Table 7 of the paper that we have 
compared the transition in terms of 50°) energy absorp- 
tion, as well as 50° shear fracture for the tear test, with 
the transition based on 50°) energy absorption for the 
large plate tests. In so far as the tear test is concerned, 
the temperature at the start of transition or the mean 
transition temperature is the same, whether the evalua- 
tion is based on energy or fracture. We were somewhat 
hesitant to use the temperatures at 100°% shear and 50% 
shear as a basis of comparison in view of the relatively 
small number of flat plate tests made for any particular 
steel. 

We agree with Mr. MacCutcheon that it would be 
more logical to compare the lowest temperature at which 
specimens exhibit 100°, shear fracture. However, we 
were reluctant to make the comparison on this basis in 
view of the fact that the number of 72-in. wide flat plate 
tests made were too limited to define accurately the ex- 
tremities of the transition temperature band. 

He would also like to know why we consider asym- 
metrical tension loading as a prerequisite to a suitable 
specimen. Ina symmetrically loaded specimen, notched 
either at outer edges or internally, it is difficult to main- 
tain a uniform stress distribution across the entire sec- 
tion and failure tends to precipitate from one of the 
outer notches or from the edge of an internal notch so 
that, in effect, the specimen tends to fail by tearing. In 
regard to a plate in a ship's structure, it is conceded that 
the structure is forced to remain essentially in line, but 
what about the stress distribution? This could hardly be 
expected to remain uniform, and the stresses would tend 
to be highest at a point of stress concentration from which 
the failure originates. We feel that failure in a ship’s 
plate takes place by a tearing action due to such non- 
uniform distribution of stress, rather than by a simul- 
taneous fracture over a long length due to a uniform dis- 
tribution of stress. In actual failures, Mr. MacCutcheon 
points out, the fractured edges move apart at the starting 
point mere fractions of an inch, while the fracture may 
propagate several feet. This is understandable for 
fractures in a cleavage mode, but would the same condi- 
tions prevail for a fracture in a shear mode? 

It is admitted that the nominal yield point and ulti- 
mate stress values, which are of importance to the ship 
designer, cannot readily be obtained with an asymmetrical 
specimen. While there may be some question that such 
values can be obtained on a symmetrical notched speci- 
men, the chances of doing so are reasonably good. In 
regard to specification test requirements, we believe that 
the point in the load-extension curve for the tear test 
corresponding to the deviation from the straight line 
relationship may possibly be correlated with yield point 
as determined from a conventional tension coupon. Like- 
wise, we feel that the ultimate load obtained with the tear 
test may be correlated with the ultimate tensile strength 
as obtained with the conventional tension coupon. 

We are unable to say definitely whether or not the 
presence of asymmetry magnifies the difference between 


ae M. MacCutcheon, Naval Architect, U. S. Coast Guard, Washington, 


(Continued on page 216-s) 


185-s 


= 
‘yet 
Aye 
( 
— 
ate 


Causes of Cleavage Fracture in Ship 
Plate—Tests of Wide Notched Plates: 


By A. Boodberg,' H. E. Davis, E. R. Parker,t and G. E. Troxell 


Abstract 


This paper describes the various tests con- 
ducted at the University of California on 
flat steel plates containing severe notches. 
The tests were conducted under con- 
tract with the United States Government 
to determine the possible causes of brittle 
types of failure that occurred in several’of 
the all-welded merchant ships during the 
war. Notched plates of various widths 
ranging from 3 to 108 in. were tested over 
a range of temperatures. Of the different 
lots of steel that were available, three lots 
were of semi-killed ship-quality steel, one 
lot was a nickel alloy, one lot a fully killed 
steel and one lot was a quenched-and- 
drawn steel. The maximum load, load at 
formation of first crack, load at failure, 
energy absorption to maximum load, the 
mode of fracture, reduction in area and 
strain distribution were determined for all 
test specimens. Standard identification 
tests, as well as studies of crack speed and 
strain hardening, were conducted as an 
auxiliary program. 

It was found possible to produce, under 
controlled laboratory conditions, brittle 
cleavage fractures similar to those found in 
fractured plates from ships that failed in 
service. The temperatures at which the 
mode of fracture changed from a ductile 
shear type to a brittle cleavage type were 
determined for the several steels by tests 
on various widths of plate. The tests 
generally arranged the steels in the same 
order with respect to tendency toward 
embrittlement. The nominal strengths 
of the wider notched plates were found to 
be only a fraction of the strengths of the 
steels as indicated by standard tensile cou- 
pons. Speed of propagation of cleavage 
cracks was observed to range from about 
6000 ft. per sec. to 200 ft. per sec. in these 
tests. Microhardness surveys of frac- 
tured plate indicated that considerable 
local plastic flow may precede rupture by 
cleavage. 


Introduction 


URING the early part of the war 

several serious failures occurred in 
welded steel merchant vessels; one of the 
possible causes of the brittle type of frac- 
ture experienced in these failures was 
thought to be the presence of discontinui- 
ties in the plates, resulting from notches as 
well as from welding. To investigate the 
behavior of the materials used in ship con- 
struction, the College of Engineering at 


_ *Presented’at the Twenty-Eighth Annual Meet- 
ing, A.W.S., Chicago, Ill., week of Oct. 19, 1947. 

_ Tt Associate Professor of Mechanical Engineer- 
ing, Associate Professor of Civil Engineering, 
Associate Professor of Physical Metallurgy and 
Professor of Civil Engineering, respectively, 
University of California. 


the University of California undertook a 
study of notch sensitivity of steels used in 
ship building. 

The work was started in November 
1944, under contract with the Office of 
Scientific Research and Development, and 
was supervised by the War Metallurgy 
Committee until August 1945. After that 
date the work wascontinued under a United 
States Navy Contract supervised and co- 
ordinated by the Committee on Ship Con- 
struction of the Division of Engineering 
and Industrial Research of the National 


Research Council. The Ship Structy, 
Committee, successor to the Board to I 
vestigate the Design and the Methods , 
Construction of Welded Steel Merch, 
Vessels, acted im an advisory capacity in thy 
final stages of the investigation.{ Ty, 
work was terminated in August 1946. 
Only the results and the most imp 
tant data of the investigation are pr 
sented here; a detailed description ay 


t The opinions expressed in this paper are thos 
of the authors and in no way indicate those of th 
Navy Dept. or the Ship Structure Committe 


Fig. 1—View of 108-In. Flat Plate Notched Specimen Ready for Test at 32° F. 


186-s 


E-omplete 
Bn technic 


Research 
yal Ri 
The 


Byolved te 


specime! 
tempera 


tempera 


ture cha 


Lhree 
steel, 
killed s' 
drawn 
series 
steels 
their ¢ 
Table | 

For 1 
widths 
over a 
wide 
tested, 

1 relat 
bone of 
plate s 
! by a 
equal 
specit 
at dev 
ure, t) 
energ) 
reduct 


Structy; 
rd to Ip 


ethods of 

Merchan 

“Ity in the 
+ 


+ Th 
946. 
t impor 
are pre 
tion an¢ 


are thos 
1OS€ Of the 


Eomplete data of the tests were published 
5, technical reports to the Office of Scientific 
Bresearch and Development and the Na- 
Bional Research Council.! 
The principal phase of the program in- 
Solved tension tests of */,-in.-thick notched 
Bspecimens of various widths at several 
temperatures in order to determine the 
temperature at which the mode of frac- 
ture changed from shear to a cleavage type. 


Scope of Tests 


Three lots of semi-killed hull-quality 
steel, one lot of nickel alloy, one lot of fully 
killed steel and one lot of quenched-and- 
drawn steel were used in the principal 
series of plate tests. A description of the 
steels used, their physical properties and 
their chemical composition are given in 
Table 1. 

For most of the steels, specimens having 
widths of 12, 24, 48 and 72 in. were tested 
over a range of temperatures; two extra- 
wide specimens of 108 in. width were also 
tested, one made of ship-quality steel with 

fa relatively high manganese content and 
Fone of ordinary ship-quality steel. The 
plate specimens were notched at mid-length 


Sby a transverse slot whose length was 


Fequal to one-quarter of the width of the 
Ispecimen. The maximum load, the loads 


' at development of cracks, the load at fail- 
Sure, the mode of fracture, the amount of 
= energy absorbed to the maximum load, the 


reduction in thickness near the break and 


the strain distribution on the face of the 
plate were determined for each of the 
specimens tested. 

In conjunction with the principal series 
of tests, various standard identification 
tests were made, such as: standard tension 
tests, tension tests of full-thickness cou- 
pons, Charpy keyhole-notch impact tests, 
hardness tests, chemical analyses and 
metallographic examinations. 

To provide a basis for interpretation 
and amplification of the data a number of 
supplementary studies were made which 
involved the mechanism of crack develop- 
ment, speed and nature of crack propaga- 
tion, effect of size of plate upon stress distri- 
bution and mode of failure, and micro- 
hardness surveys of some of the fractured 
plates. In addition, tension tests under 
controlled conditions were conducted on 
four types of 3-in. wide specimens to deter- 
mine the transition ranges for the various 
steels. 


Test Procedures 


The wide plate notched specimens were 
prepared by flame cutting pieces of the 
desired width from the large 72- x 120-x 
3/,-in. plates that were supplied by the 
manufacturers. A notch was made at 
mid-length of the specimen by flame cut- 
ting a transverse slot '/, in. wide, and at 
each end of the slot hacksaw cuts were 
made that terminated in a jewelers hack- 
saw cut !/s in. in length as shown in Fig. 2. 


The ratio of the total length of the slot 
thus formed to the width of the specimen 
was one to four for all the specimens 
tested. 


The plate specimens were loaded to fail- 
ure in a three million-pound testing ma- 
chine. The load increments were usually of 
such magnitude that at least ten complete 
sets of readings were obtained to the maxi- 
mum load. A view of a specimen under 
test is shown in Fig. 1; the plywood en 
closure served as a temperature control 
chamber. The desired temperature was 
obtained and maintained by circulating 
cooled or heated air within the chamber 
around the specimen. 

SR-4 electric strain gages, manganin 
resistance wire extensometers and a sys- 
tem of grids marked on the surface of the 
plate specimen were used to measure the 
elastic and plastic strains. Typical gage 
and grid layouts for a notched specimen 
are shown in Fig. 2. An average elonga- 
tion for the specimen was computed and 
plotted from the readings of all resistance 
wire extensometers that had a length equal 
to three-fourths of the specimen width, and 
the energy absorbed up to the maximum 
load was determined by integration of the 
resulting load-strain data. 

The various standard physical identi- 
fication tests were conducted according to 
the A.S.T.M. Standards. Chemical analy- 
ses from at least one of the 6- x 10-ft. 
plates of each steel were made to determine 


Table 1—Properties of Steels Used in the Investigation 


Chemical 
© Composition® Steel A Steel Ba, Steel BL Steel C Steel H Steel N Steel Q 
5 | Carbon 0.26 0.18 0.18 0.24 0.18 0.17 0.22 
| Manganese 0.50 0.73 0.73 0.48 0.76 0.53 1.13 
Silicon 0.03 0.07 0.07 0.05 0.16 0.25 0.05 
| Phosphorus 0.012 0.008 0.008 0.012 0.012 0.011 0.011 
| Sulfur 0.039 0.030 0.030 0.026 0.019 0.020 0.030 
» | Nickle 0.2 0.05 0.05 0.02 0.05 3.39 0.05 
|} Aluminum 0.012 0.015 0.015 0.016 0.053 0.077 0.008 
» | Copper 0.03 0.07 0.07 0.03 0.09 0.19 0.13 
> | Chromium 0.03 0.03 0.03 0.03 0.04 0.06 0.03 
| Molybdenum 0.006 0.006 0.006 0.005 0.006 0.025 0.006 
Tin 0.003 0.012 0.012 0.003 0.004 0.017 0.018 
Nitrogen 0.004 0.005 0.005 0.009 0.004 0.005 0.006 
Physical Semi-killed Semi-killed Semi-killed| Semi-killed| Fully-killed Alloy Fully-killed 
Properties. As-rolled As-rolled Normalized.| As-rolled As-rolled As-rolled Water Quenched 
Yield Point psi 35,350 - 32,200 - 33,400 - 34,500 - 33,900 - 52,700 - 43,500 - 
36,680 34, 600 38, 800 37,600 37, 500 63,000 49,000 
Ult. Strength pei 57,630 - 55,600 - 55,600 - 61,500 - 63,000 - 76,800 - 70,500 « 
62,870 58, 600 58,700 68, 500 63,900 83,300 74,250 
Elong. %in 2 in. 38.0 - 42.0 - 41.8 - 35.5 - 40.6 - 32.5 - 42.0 - 
44.7 45.7 49.0 42.5 44.0 38.0 49.0 
Elong. % in 8 in. 31.4 - 32.5 - 33.4 - 28.0 - 29.0 - 25.7 - 22.2 - 
36.6 35.0 35.1 31.7 30.0 27.0 23.5 
Reductiongin area 53 = 62 58 - 71 60 - 67 50 - 63 59 - 68 60 - 69 58 - 65 
Hardness Rockwell 58 -62 58 - 63 59 - 60 66 - 69 70 83 - 85 80 - 83 
B 
a—Analysis performed by Dr. S. Epstein for this investigation. 
b—Tests performed on coupons from all plates furnished. Lowest and highest values found in all these tests are given in the Table. 
c—Water quenched from 1625° F. Drawn at 1300° F. for 134 hours. 
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the carbon, manganese, phosphorus, sul- 
phur, silicon and aluminum contents. 
Check analyses were made on each plate 
of every steel for carbon and manganese. 

In order to obtain some indication of 
localized strain distribution at the fracture, 
advantage was taken of the strain-harden- 
ing property of steel to indicate maximum 
strain levels. Accordingly, three 


speci- 


mens, two that failed by shear and cleav- 
age and one that failed entirely by cleav- 
age, were sectioned at short intervals along 
the surface of the fracture, and hardness 
surveys were made so as to determine the 
variation in hardness throughout the vol- 
ume of metal near the fractured surfaces. 
A Knoop microhardness tester was em- 
ployed for this work in order to obtain the 


hardness in a sufficiently smaj| 
Numerous tests were made sam 
that were subjected to tension and cop 
pression loads to determine thy influen 
of the direction of straining on the amoyp, 
of strain hardening. It was four d that th, 
variation in hardness with strain was jp de 
pendent of the direction of straining 
Measurements of crack 
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Fig. 3—Spark Gap Type Chronograph for Crack Speed Studies 
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Sheared Edge 


Machined Edges 


Each thyratron tube was in series with a 
charged condenser and the primary wind- 
ing of an induction coil, and thus the surge 
of current through the primary of the coil, 
when the thyratron was fired, caused a 
high voltage in the secondary of the induc- 
tion coil which resulted in a spark between 
a stationary point and a revolving drum. 
The speed of the crack could be deter- 
mined from the distance between the 
marks of individual sparks on the sensi- 
tized paper on the drum and the speed of 
the drum. 

In an attempt to develop a simple rapid 
test which would indicate the relative 
transition temperatures of the various 


Center Notched 
Fig. 4—Four Different Types of 3-In. Wide Specimens Used in the Investigation 


steels, a number of experiments were made 
on 3-in. wide tension specimens, flame cut 
from full-thickness, as-rolled plate. At 
mid-length in each edge of these speci- 
mens a hacksaw cut '/,-in. deep was made 
so as to produce a net width of 2 '/, in 
For comparison, a few tests were made on 
3-in. wide specimens with flame-cut edges, 
having a central notch similar to that em 
ployed in the large flat-plate specimens. 
To determine whether strain aging 
along the sheared edges of the plate stock 
had an appreciable influence on inducing 
brittle failure, a few 3-in. wide flat speci- 
mens were prepared, one edge of which in- 
cluded a longitudinal sheared edge of a 


70 T T T 


Fig. 5—View of scoring Jacket Around — 


a 3In. Edge-Notched cimen in the at 
so}— —+ + 
7 
velocities were made with a multiple o 
channel spark chronograph shown in Fig. 40 
3. The operating principle of the chron- 


ograph was as follows: the specimen 
was magnetized by passing direct current 
from a welding-set generator through a 
coil wrapped around the specimen. Pick- 
up units, each consisting of a laminated 
iron core around which a coil of fine 
wire was wound, were placed at equally 
spaced intervals along the supposed path 
of the crack. As the crack would pro- 
gress beneath a pick-up unit the magnetic 
flux would be diverted from the specimen 
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20 
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to the iron core of thé unit and thus an -280 a — — -120 -80 -40 0 40 80 120 
generate a voltage in the pick-up coil. TEMPERATURE °F 
This voltage was impressed on the grid of Fig. 6—Comparison of Results of Charpy Keyhole Notch Impact Test for Steels A 
a thyratron tube, causing the tube to fire. B, C, H, N and 
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large plate. For comparison, tests were 
made on plain unnotched 3-in. wide flat 
specimens both edges of which were ma- 
chined to eliminate stress raisers. The 
four different types of specimen bars 
used in this part of the investigation are 
shown in Fig. 4. 

A special cooling unit and a jacket for 
the 3-in. specimens were developed so that 
the temperature of test could be con- 
trolled within very narrow limits. Figure 5 
shows the cooling jacket in place about 
the specimen in the tensile machine; al- 
cohol at the desired temperature was cir- 
culated through this jacket. 


Test Results 


General Remarks 


The principal results are presented in 
the condensed form of tables, diagrams 
and photographs in this paper; the com- 
plete data for all the tests can be found in 
the reports to which reference was made 
in the introduction.!2:3 

In order to have a convenient basis for 
comparing the load-carrying capacity of 
notched plate specimens of various widths, 
reference is frequently made to a ‘‘nom- 
inal” stress which is defined as the average 
stress on the net section through the notch, 
i.e., the load divided by the original net 
cross-sectional area. Due to the stress- 
concentrating effect of the notch, the 
actual localized stresses were much higher 
at the base of the notch than at any other 
point along the cross section through the 
notch. 

In general, by “‘ductility’’ is meant the 
elongation of the plate up to the load at 
rupture, within a gage length equal to */, of 
the gross width of the plate. The elonga- 
tion measurements were made at intervals 
across both faces of the plate specimens 
and an average of these measurements was 
taken as the plate elongation. 

The energy-absorbing capacity of the 
specimen was obtained by integrating the 
area under the load—elongation curve up 
to the maximum load. 

Two criteria for defining the range of 
transition temperature have been used in 
this investigation: (1) energy absorbed to 
the maximum load, and (2) the percentage 
of fracture in the shear mode, 100% shear 
being at the upper end and 0% shear at 
the lower end of the transition tempera- 
ture range. The use of these two criteria 
place the transition temperature in slightly 
different ranges in some cases. However, 
it is believed that in the present state of 
knowledge of the problem, it is desirable 
to record the results of each method of de- 
fining the transition range. From the 
structural point of view, the energy crite- 
rion may be more significant, but in so far 
as evidence of physical action (even though 
localized) is concerned, the type-of-frac- 
ture criterion is basic. 

The tests of wide flatnotched plates 
demonstrated that it was possible to pro- 
duce, under controlled conditions in the 
laboratory, brittle, cleavage-type frac- 
tures identical with those found on sec- 
tions of fractured steel ships. For speci- 
mens of the semi-killed steels which frac- 
tured entirely by cleavage the thickness 
reductions were in the order of 3 to 5% 
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Fig. 8—Variation with Temperature of Energy to Maximum Load for 12-In. Wide 
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near the notch, decreasing to about 1 or 
97, toward the edges of the specimen; 
these yalues compare favorably with simi- 
lar measurements which were made on 
fractured plates cut from ships in which 
failures had occurred.* 


Transition Temperatures 

It was possible to produce two types of 
fractures in the laboratory tests: (1) the 
normal ductile shear-type fracture, and 
9) the cleavage-type fracture, which may 
occur without appreciable ductility but 
which may also be preceded by a great deal 
of plastic flow. At high temperatures, 
shear fractures invariably occurred, and at 
sufficiently low temperatures the steels 
failed by cleavage. At an intermediate 
temperature, which is called the transition 
temperature, the fracture occurred either 
by shear or cleavage or by a mixture of 
both. A discussion of the physical fac- 
tors associated with the transition from 
shear to cleavage fractures has been re- 
ported in an earlier paper. * 

As stated previously, steels may be 
rated in a relative order of brittleness by 
comparing the transition temperatures of 
the steels determined either by the mode- 
of-fracture criterion or by the drop-in- 
energy criterion. In the flat plate inves- 
tigation, transition temperatures were de- 


* For full details see reference 3, Tables 6 and 9. 


termined by the energy method from the 
Charpy keyhole-notch impact tests, and 
from the tension tests of 12-in. and 72-in. 
wide centrally notched specimens. The 
mode-of-fracture criterion was used for 
the 3-, 12- and 72-in. wide specimens. One 
of the most significant results of the in- 
vestigation is that all of the tests used for 
determining the relative brittleness of 
steels rated the steels in approximately 
the same order, although the actual transi- 
tion temperatures differed for the various 
sizes and types of specimens. For most 
steels, the tests of large specimens showed 


well-defined transition temperatures. This 
however, was not true for the Charpy 
test results, which in many cases showed 
considerable scatter and indicated a rela- 
tively wide range of temperature over 
which transition from shear to cleavage 
occurred. Figure 6 shows the approxi- 
mate transition temperatures determined 
by the Charpy keyhole-notch impact 
tests for the six different steels tested. 

The wide flat-plate specimens generally 
indicated higher transition temperatures 
than the Charpy specimens, as demon- 
strated by comparison of the data of Fig. 6 
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Table 2—Comparison of Est 


Charpy 3-in. Tension Notched Flat Plate Specimens 
Steel Code |Keyhole Notch Edge Sheared 12-in. 24-in. 48-in. 72-in. 108-in. 
Letter |Long. Specimen| Notched Edge 
A 17 45 35 25 -7 to below 35 -- 
37 48> 

Bar -5 5 -- ; 5 below 9 to 33 below 
45 32 

0 -5 15 below -- 31 -- 
52 

c 22 90 120 90 about 80 to 90 above 
88 100 32 

-25 about 10 -15 20 -- 

20 

Q -40 35 -- 10 od -- -- -- 


| 


a - Coldest test at 32° F., resulted in 100 percent shear. 
b - Coldest test at 48° F,, resulted in 100 percent shear. 
c - No definite transition temperature. 


Note: Transition temperatures for Charpy specimens were taken as a point corresponding to a temperature 
halfway between the maximum and the minimum energy values in Fig. 6 for the particular steel. 


Transition temperatures for the 12-in. and 72-in. wide specimens were taken as the value of ten- 
perature corresponding to an energy value on the steeply sloping part of the Energy-Temperature curve 
approximately halfway between the maximum and minimum in Figs, 7,8 and 9. 


Transition temperatures for 3-in. wide specimens were taken as the temperature corresponding 
to a point halfway between a 0 percent and a 100 percent shear fracture 


in Fig. 12 for the particular 
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Fig. 13—Transition Temperatures, 3-In. Wide Edge-Notched Specimens, C-Steel, 
Cut from Plates of Various Thicknesses, As-Rolled 
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with the data of Figs. 7, 8 and gy 


A 
shown by Table 2, the differeno, 
between the temperatures of 
the 12- and the 72-in. wide plates for a 


particular steel range from 0 to 35° F 
The transition temperature of Stee! C wa 
the highest of all the steels tested ang Was 
essentially the same for all plate Widths 
However, the steels that had tran sition 
ranges at lower temperatures invaria} ily 
showed lower transition te mperatures 
when tested in the 12-in. width than when 
tested in the 72-in. width. Because of the 
greater spread between transition temper, 
tures of the different steels, the 12-in. wide 
specimen seems to be more suitable than 
the wider specimens for rating the steels 
in order of their relative brittleness 

It is quite reasonable to expect that the 
wide notched plates would have higher 
transition temperatures than the narrow 
ones; however, in several cases there was 
little effect of plate width on the transition 
temperature, while for some steels large 
differences in transition temperatures were 
found. The reason for this behavior may 
lie in the fact that the transition tempera- 
ture is a function of the amount of plastic 
flow which has occurred prior to the onset 
of fracture;* it is possible that a more de 
tailed study of the conditions of the loca| 
plastic flow around the notches of the indi 
vidual plates would disclose the cause oj 
the differences in behavior of specimens of 
the various steels. 


Figures 10, 11 and 12 show forthe various 
temperatures of test the precentage of the 
cross-sectional area failing by shear for the 
several steels for the 3-, 12- and 72-in 
specimens. The transition temperature 
ranges have been blocked as shown even 
though some points beyond the range show 
less than 100% shear, because the exami 
nation of the breaks for these plates defi- 
nitely shows that the small amount of 
cleavage resulted from a secondary tearing 
action that occurred only on one edge of 
the plate. It may also be noted that the 
transition temperatures by the type-of- 
fracture criterion are not as sharply de- 
fined as by the energy method. 

A factor which should be considered 
the examination of the results is that cracks 
usually formed at the root of the notch be- 
fore the maximum load was reached.‘ 
The notch geometry changed when the 
first crack formed at the base of the saw 
cut and changed continually as the frac- 
ture progressed. In some cases the change 
in the notch geometry may have been 
sufficient to cause the type of fracture to 
change from shear to cleavage during the 
progress of the failure. It is also to be 
noted that not only the notch geometry but 
also the average stress, the local stress, and 


in some cases the temperature at the apex 


of the crack were continually changing dur- 


ing the test, causing change in the type of 


fracture. 


To obtain an estimate of the effect of 
plate thickness on the transition tempera- 
ture some special studies were conducted. 
Theoretically it may be shown that for a 
notch of a given sharpness, the transition 
temperature should increase with increas 
ing plate thickness, at least over a consid- 
erable range in thickness.‘ This appears 
to be true because the transverse stress 
developed by the lateral restraint of ad- 
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t under-stressed material is small in 
‘hin plates, but with increasing thickness 
it gradually increases to a maximum value 
shich would probably remain constant 
sith further increase im plate thickness. 
Results from two series of tests on 3-in. 
wide edge-notched specimens are shown in 
Figs. 13 and 14. The first series consisted 
ff specimens cut from plates of the same 
heat of steel that were rolled to thicknesses 
ranging from '/: to 1'/s in.; ia the second 
veries of tests the specimens were machined 
+o the corresponding thicknesses from the 
\\/,in. plate. In the first series differ- 
ences in metallurgical structure due to 
che differences in rollimg procedures, as 
well as differences in specimen thickness, 
were involved, while in the second series 
jifferences in specimen thickness alone 
were present because all specimens were 
machined from the same plate. The ef- 
fect of plate thickness upon the transition 
temperature is very evident in Fig. 13. 
The results indicate that when the plate 
thickness exceeds about 1 in. the transition 
temperature is apparently independent of 
plate thickness. However, additional 
tests on thicker plates and on other steels 
should be made; it is possible that the 
thickness effect differs for various steels. 

The effect of additional rolling, which 
was present in the first series and not in 
the second is tolower the transition temp- 
erature of the steel. This effect is in 
igreement with the known effects of rol- 
ling upon the other mechanical properties 
of steel. 

A comparison of Figs. 13 and 15 indi- 
‘ates that the width and depth of notch 
ind minor variations in width of the speci- 
men have little effect on the transition 
temperature ranges of edge-notched nar- 
row specimens. 

From an examination of results for 
Steel C in Fig. 16 which gives a comparison 
of the transition ranges for various types 
of 3-in. wide specimens, it appears that 
sheared edges of the plates as-received 
from the mill had undergone strain aging 
and possibly contained small cracks which 
acted as more severe stress raisers than 
notches made with hacksaws, either at 
the edges or in the center of the specimen. 


Tensile Strength 


It should be pointed out that the nom- 
inal strength of wide notched plates on 
the average is only about one-half of the 
strength of steel as determined from stand- 
ard tensile coupons. Examination of 
Figs. 17 (a), 17 (6), 17 (c) and 18 shows 
that there is a considerable drop in nominal 
strength of notched plate specimens as the 
width is increased to 24 in. Further in- 
creases in specimen width have little effect 
on the strength. It is significant that 
notched specimens as wide as 108 in. fail 
at practically the same nominal stress as 
the 24-in. wide ones. 

The reduction in nominal strength for 
greater widths is somewhat more pro- 
nounced for specimens failing in shear 
than for those that break by cleavage, as 
shown by Fig. 18. 

The variation of the nominal tensile 
Strength of notched flat plates with temp- 
erature at the time of test is plotted in 
Fig. 19. The strengths of the special 
Steels N, Q and QS are not appreciably 
afiected by temperature; however, the 
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strengths of the semi-killed steel group 
(Steels A, B and C) tend to be lower at 
temperatures below the transition tem- 
The 


appreciable decrease in strength with lower 
temperatures for the 12-in. specimens, but 
behaves in the same manner as the semi- 


perature for the particular steel. killed steel group in tests of 72-in. speci- 
fully killed Steel H does not exhibit any mens ae 
z 
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Fig. 14—-Transition Temperatures, 3-In. Wide Edge-Notched Specimens, C-Steel, 
Machines to Various Thicknesses from 1'/,-In. Thick Plate 
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Fig. 15—-Transition Temperatures for Proportional Edge-Notched Specimens, C-Steel, 
from Plates of Various Thicknesses. Note: Net Section */, of Plate Width 
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Fig. 16—Transition Temperatures for Various Types of 3-In. Wide Specimens 
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Elongation 


maximum load was reached, but the values 


in Fig. 9). Specimen H10 absorbed more 


of residual elongation, shown in Fig. 21, than twice the amount of energy that Was 

do not include the elastic elongation nor absorbed by its supposed duplicate, Spe¢; 

Comparisons of the elongation for gage the plate separation due to the opening of men H82X; Specimen H8 absorbed mon 
lengths equal to */, of the gross width of cracks. The residual elongations near than three times as much energy as Speci 
the specimen, at maximum load and after the notch are less than those at the edge, men H82X. These specimens were studi 
fracture, for plates that behaved in a duc- especially for specimens that failed by in detail to determine the cause for ti, 
tile and a relatively brittle manner are shear, because during the progress of rup- discrepancy. A study of the surfac¢ of 
given in Figs. 20 and 21. The elongations ture the portions of the specimens out- the fracture near the base of the notch rp. 
are shown in per cent, and to compare board from the advancing crack sustained vealed that the specimens which had gb. 
specimens of different sizes the locations the entire load and continued to yield sorbed the abnormally high amount ¢ 
of the gage points on which the measure- until complete failure occurred. energy had many openings in the metal 
ments were taken are plotted as fractions running perpendicular to the surface g 
of the specimen width. It can be noted Effect of Nonmetallic Inclusions the fracture and perpendicular to the apey 
‘that narrower specimens generally ex- of the notch. This condition is showy jy 
hibited much greater ductility whether During the course of the tests, certain Fig. 22 (a) which shows the surface of th. 
failure was of the shear or cleavage type. specimens exhibited anomalous behaviors. fracture adjacent to the base of the note 
It is also to be noted that elongations In particular, specimens H8, H10 and for Specimen H8 that had the abnormajly 
shown in Fig. 20 include the separation of H82X which were cut from the same large high energy absorption. Similar photo. 
the specimen across the notch and the plate and tested at —40° F. behaved in an graphs of the portion of the fracture neg 
cracks when and if cracking began before entirely different way (see circled values the base of the notch for the other ty, 


specimens are shown in Fig. 22 () 
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Fig. 17 (b)—Variation in Nominal Stress with Width of Plate 
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Fig. 17 (c)—Variation in Nominal Stress with Width of Plate—Tests at 32° F. 


70 


80 90 


WELDING RESEARCH SUPPLEMENT 


This 
that the 
nonmet 
the ope 
tractior 
about b 
metal b 
inclusic 
examin 
thickne 
tured 


Psi 


wOMINAL STRESS, 


90,006 


80,00 


70,00 


60,0 


40 


Psi 


STRESS, 


NOMINAL 


Fig. 22 
in the 1 
tured st 
number 
nens w 
| | 
60 
: 
: 40, <=. 
194-s APRIL 1 
4 


that Was 
Speci 
ed more 
aS Spec. 
Studied 
for the 
rface of 
10tch re. 
had ab. 
Ount of 
© meta) 
rface of 
he apex 
hown in 
€ Of the 
le notch 
Ormally 
Photo. 
ITe near 
ler tw 


) 


H0 


RIL 


Fig. 22 (¢), respectively. The openings 
in the metal perpendicular to the frac- 
tured surface were progressively fewer in 
aumber and smaller in size for the speci- 
mens which fractured with low energy. 
This superficial examination indicated 
that the metal had opened along seams of 
nonmetallic inclusions. The cause for 
the opening was the Poisson’s ratio con- 
traction in the thickness direction brought 
about by the longitudinal extension of the 
metal by the load. The presence of these 
inclusions was determined by microscopic 
examination of sections taken through the 
thickness and perpendicular to the frac- 
tured surface. The results are shown in 


Figs. 22 (d), (e) and (f). 


These photo- 
micrographs show the small transverse 
fractures progressing along lines of non- 


metallic inclusions. Specimen H10 had 
many more lines of nonmetallic inclusions, 
along which the transverse fractures could 
occur easily, than did Specimen H82X. 
Specimen H8 had still more lines of non- 
metallics than did Specimen H10. The 
extensive separation of the metal in Speci- 
men H8 along lines of inclusions prevented 
the transverse stress from building up to 
its normally high value, and thus effec- 
tively increased the shear stress and pro- 
moted plastic flow; thus a large amount of 


energy was absorbed although the speci- 
men eventually failed by cleavage. The 
specimen acted essentially as though it were 
composed of a number of thinner plates 
placed face to face to form a composite 
thick plate. Specimen H82X was cut 
from a different part of the original large 
plate which happened to contain fewer 
nonmetallics and consequently behaved in 
a more normal manner than did Specimens 
H8and H10. The conclusion reached asa 
result of this study is rather unusual. 
Nonmetallic inclusions ordinarily consid- 
ered undesirable acted in this case to make 
the steel less notch sensitive. 
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DISTANCE FROM €, FRACTION OF PLATE WIDTH 
Fig. 20—Elongation at Maximum Load, Illustrating Influence 
of Plate Width on Ductility at Maximum Load. Elongation 
Measured by Resistance Wire Extensometer. Gage Length, */, 
of Plate Width 
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Fig. 21—Residual Elongation After Rupture [Illustrating In- 
fluence of Plate Width on Ductility at Failure. Elongation 
Measured on One Face Only. Gage Length, */, Plate Width 


BELOW 
VIEWS OF FRACTURES AT NOTCH (5X) 


(d) SECTION DD ABOVE (SOx) 


(e) SECTION EE ABOVE (50x) (f) SECTION FF ABOVE (50x) 


Fig. 22—-Cuts Across Thickness of Specimens Showing Openings Along Seams of Nonmetallic Inclusions— 
Unetched. (Reduced 15% in Reproduction) 
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Effect of Microstructure 


Another unusual result was obtained 
with Steel Q which had been quenched and 
frawn. In the original heat-treated con- 
dition, this steel was not particularly out- 
standing. However, when requenched 
from 1600° F. and redrawn at 1245° F. for 
2 hr., its performance was markedly im- 
proved. Its transition temperature was 
lowered slightly, but much more impor- 
tant was the improvement obtained in 
the amount of energy required to rupture 
the metal. The microstructure of the re- 
1eat-treated steel was found to be very 
similar to the original, except that in some 
of the specimens of the original steel there 
ippeared to be some free ferrite present. 
An unusually large amount of free ferrite 
was found in one of the specimens of Steel 
) in the original condition that was tested 
at 70° F. and failed with low energy ab- 
sorption and with a cleavage type of frac- 
ture. This unusual behavior of the speci- 
men can be explained by the fact that the 
presence of free ferrite in quenched-and- 
drawn steels of this type has been found by 
lifferent observers to be associated with 
ibnormal brittleness. The free ferrite in 
this steel sample could be the result of an 
inadequate quench or of reheating slightly 
ibove the lower transformation tempera- 
ture during the tempering treatment. 

The microstructures of all the steels 
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STEEL N 


STEEL 8B, 


used in this investigation are shown in Fig. 
23. 


Velocity of Crack Propagation 


The results of the crack speed investiga- 
tion showed the speed of propagation cf a 
cleavage fracture in some cases to be of the 
order of 1 mile ner second. For one of 
the 72-in. wide specimens tested at 32° F., 
which failed by cleavage, the velocity near 
the notch was found to be 4600 ft./sec., 
halfway between the notch and the edge of 
the specimen it was 3250 ft./sec., and near 
the edge the velocity dropped to 3000 ft. 
sec. The results from another 72-in. wide 
specimen showed velocities of 6600 ft./sec. 
near the notch and 3500 ft./sec. near the 
edge. These measurements were made 
with a probable error of + 200 ft./sec. 

Tests of narrower specimens indicated 
no effect of temperature in the speeds of 
crack propagation for specimens tested at 
0 and at 32° F. In the regions of high 
stress, velocities of 2500 to 3900 ft./sec. 
were found, while in the regions where the 
stresses were low, velocities of only 200 
ft./sec. were observed, thus demonstrat- 
ing that cleavage fractures can propagate 
at relatively low velocities. Calculations 
of the velocity of crack propagation yield 
values of the same order of magnitude as 
those found experimentally, and it also 
may be shown that the energy stored in 
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Fig. 23-—Photomicrographs of Steel Used in the Investigation. (Reduced 15% in Reproduction) 


the loading mechanism does not affect the 
progress of fracture.' 


Hardness Surveys 


Figure 24 shows the location of the hard 
ness test samples taken from one of the 
fractured plates (Specimen C-2A) where 
the mode of fracture changed from cleavage 
to shear and back to cleavage. The sam- 
ples used for determining the hardness 
were pieces about 1 in 
thick. The face that was polished and 
used for the perpen- 
dicular to the face or plane of the specimen 
and parallel to the loading axis. A large 
number of hardness readings were taken on 
the face of each sample so that the hardness 
contours could be plotted. About six 
readings were taken at each point to give 
an average value for each location. The 
normal scatter in the Knoop hardness 
number was *5. The Knoop hardness 
number is very nearly equal to the Brinell 
hardness number. 


long and '/, in. 


measurements was 


The results of this hardness survey are 
shown in Fig. 25 as hardness ‘‘contours” 
on the faces of the test samples. These 
results indicate that the specimen strain 
hardened considerably at the base of the 
notch and also over the entire length of 
the shear failure. This amount of strain 
hardening was the same as that found in 
0.505-in. diameter tensile bars, cut from 
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the same material after having been 
loaded almost to the point of failure. The 
maximum hardness at the fractured sur- 
face dropped rapidly to a relatively low 
value when cleavage areas were reached 
during the rupture of the specimen (see 
readings on faces 5 and 18 of Fig. 25). 

The hardness surveys made on one of 
the most brittle specimens tested (Speci- 
men C-1A) showed that cleavage fracture 
that propagates rapidly may occur with- 
out appreciable plastic flow; however, even 
this extremely brittle specimen showed 
extensive plastic flow at the base of the 
notch. This is shown in Fig. 26 by the 
energy contours that have been deter- 
mined from the Knoop hardness numbers 
for this specimen. 

Hardness surveys reveal that the mate- 
rial near the surface of the plate hardened 
more than the material inside of the plate, 
and that shear-type failure affected a 
greater volume of the material than the 
cleavage-type fracture. 


Conclusions 


The following conclusions seem justified 
on the basis of the results of this investiga- 
tion: 

1. Fractures were obtained in the lab- 
oratory which were identical in appear- 
ance and reduction in thickness with those 
found in sections of fractured ships. 

2. Different tests employed in this in- 
vestigation placed the steels which were 
tested approximately in the same order 
with respect to relative brittleness; how- 
ever, the transition temperatures obtained 
by the different tests were not the same. 

3. For hull-quality steels of the semi- 
killed type, produced under ordinary con- 
ditions of present commercial practice, 
the temperatures at which the mode of 
failure of sharply notched plates changes 
from ductile shear to brittle cleavage type 
may vary from below freezing to well above 
room temperatures. 

4. Chemical composition has a marked 
influence upon the transition temperature 
of steel. This is well demonstrated by 
the results of tests on the 3'/4% nickel 
steel which was far superior to the mild 
steels both in transition temperature and 
in energy absorption. 

The effect of minor variations in chemical 
composition was further demonstrated by 
the results of tests on Steels A and C. 
These steels had essentially the same chem- 
ical composition with the exception of the 
nitrogen content: Steel A contained 0.004% 
nitrogen while Steel C contained 0.009%. 
The differeace in the behaviors of these 
two steels is attributed principally to the 
difference in the nitrogen content; how- 
ever, the microstructures of these steels 
also differed slightly so that part of the 
difference in properties may have been 
influenced to some extent by the difference 
in metallurgical structure. 

5. With a steel of the same chemical 
composition, the metallurgical structure 
of the steel can appreciably influence the 
transition temperature and the energy 
absorption. Steel Q which was quenched 
and drawn originally, was greatly improved 
by an additional heat treating that elimi- 
nated free ferrite from the microstructure. 
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Fig. 24—View of Fractured Specimen C-2A Showing Location of Samples for Micro- 
hardness Survey 


Steel: 0.26 carbon, 0.49 manganese, as-rolled. Specimen: 72 in. wide by */, in. thick. 


Fracture: 9.3% shear, 90.7% cleavage. 
failure: 37,800 psi. 


6. Plates failing by cleavage fail at 
slightly lower nominal stress values than 
do similar plates which fail entirely by 
shear. 


7. With the same initial sharpness of 
notch and a fixed ratio of length of notch 
to width of plate, the nominal strength of 
plates of the same thickness decreased 
with increasing width. The decrease in 
strength is considerable as the plate width 
is increased from a few inches to 1 or 2 ft., 
but the decrease in strength is relatively 
small as the plate widths are increased be- 
yond 2 ft. 


8. With a given initial notch geometry 
and a fixed plate width, the transition 
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Temperature of test: 76°F. Average stress at 


temperature was found to increase as the 
specimen thickness was increased. In 
one series of tests, in which specimens were 
cut from plates rolled to different thick- 
nesses from the same heat of steel, two 
factors influenced the transition tempera- 
tures; these were: (a) specimen thickness 
and (6) metallurgical conditions introduced 
by the additional rolling given to the thin- 
ner plates’ In another series the metal- 
lurgical factors were eliminated by ma- 
chining the specimens from a single thick 
plate. 

9. Crack propagation velocities as high 
as 6600 ft./sec. and as low as 200 ft./sec. 
have been measured in wide plates that 
failed with a cleavage type fracture. 
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. 25—Hardness Contours—Specimen C-2A 


TESTS OF WIDE NOTCHED PLATES 


Crack propagation velocities vary with 
the stress level in the plate, being high 
near the notch and much lower near the 
edge of the specimen where the stress level 
is low. 

Crack propagation velocities does not de- 
pend upon the energy stored in the loading 
‘mechanism for the size of specimen used in 
this investigation. 

10. Extensive deformation occurs at 
the base of the notch for both shear and 
cleavage fractures. The strain hardening 
which occurs in this region is as great as 
that which occurs near the point of frac- 
ture of a standard tensile test bar. It ap- 
pears that more plastic flow occurs near 
the surfaces of the plate than at points re- 
mote from these surfaces. 

11. Cleavage failure may occur after 
varying amounts of plastic flow have taken 
place. Cleavage fracture is not necessarily 
an indication of lack of plastic flow. 
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Cleavage Fracture of Ship Plates as Influenced 


by Size Effect’ 


By Wilbur M. Wilson't, Robert A. Hechtmant and Walter H. Bruckner’ 


S A result of structural failures ex- 

perienced by a number of welded 
merchant vessels during World War II, a 
series of research projects were initiated 
under the National Defense Research 
Committee to investigate the behavior 
of ship steel in an attempt to determine 
the factors contributing to these failures. 
The investigations were carried out under 
the supervision of the War Metallurgy 
Committee. Upon the termination of 
the war, the sponsorship of the projects 
was assumed by the Bureau of Ships of 
the Navy Department and the advisory 
and correlative functions were then per- 
formed by the Committee on Ship Con- 
struction of the National Research Coun- 
cil. One of these investigations was 
carried out at the University of Illinois. 
This paper is an abridgement of the final 
report of this investigation. 


* Presented at the Twenty-Eighth Annual 
Meeting. A.W.S., Chicago, Ill., week of Oct. 19, 
1947 The opinions expressed in this article are 
those of the authors and do not necessarily rep- 
resent the opinions of either the Ship Structure 
Com. mittee or the Navy Dept. 

+ Research Professor of Structural Engineering, 
Special Research Engineer and Research Assist- 
ant Professor of Metallurgical Engineering, re- 
spectively, University of Illinois. 

t Final Report on ‘‘Cleavage Fracture of Ship 
Plates As Influenced by Size Effect,’’ by W. M. 
Wilson, R. A. Hechtman and W. H. Bruckner, 
University of Illinois, under Navy Contract 
NObs-31224. 


Fig. 1—72-In. Specimen in 3,000,000-Lb. 
Testing Machine 


The object of the investigation was to 
determine the factors that influence the 
formation of cleavage fractures in ship 
plates. Because ship plates are much 
wider than plates that can be tested in a 
testing machine, tests were made on 
3/,-in. plates with nominal widths of 72, 
48, 24 and 12 in., in order to obtain infor- 
mation on which to base extrapolations 
that might indicate the behavior of still 
wider plates. The information obtained 
relative to the behavior of wide plates 
containing severe stress raisers may be 
divided into six major divisions, as follows: 


A. Theaverage static strength. 

B. Theenergy-absorbing capacity. 

C. The V-notch impact value of the 
steels as an indicator of the per- 


formance of the wide plate test 
D. The distribution of plastic deform, 
tion at the ends of the stre« 
raiser prior to maximum load 
E. The temperature-elongation 
tion. 
The reduction in thickness of the 
plates. 


The plates contained a standard strex 
raiser consisting of a transverse slot !/, iy 
wide with a hacksaw cut at each end which 
terminated in a jeweler’s saw cut !/, jn 
long, and which had an L/W ratio (lengt! 
of stress-raiser /width of plate) of 0.25 

In order to determine the relation lx 
tween the behavior of the wide plates ar 
the mechanical properties of the materia! 
tests were made at room temperature o; 
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Fig. 2—Sketch of Wide-Plate Specimens Showing Stress Raiser 
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| both flat and round coupon specimens cut 
92% _- D As-Relled from the plates from which the specimens 


7 were made, to determine the ultimate 
2% strength, yield point, elongation and the 
40| D Normalized > 39 reduction of area. Likewise, impact 


t tests were made at various temperatures 
N on standard Charpy V-notch specimens 
As -Rolled cut from some of the plates. 
95 
v4 The following steels were used in this 
investigation. 
-40 40 720 Rimmed-steel as-rolled, designated as 
Temperature of Plate, Degrees Steel Eas-rolled. 
.. Rimmed-steel normalized, designated as 
vd 72 -In. Plates Steel E normalized.* 
st YN Killed-steel as-rolled, designated as 
eforn Steel D as-rolled. 
P stre % 0 45 D As-Folled > ox. Killed-steel normalized, designated as 
vad > Steel D normalized. * 
n rel Ou Killed-steel as-rolled, designated as 
40 D 73% Steel F as-rolled. 
of the AS -Rolled Killed-steel as-rolled, designated as 
95 a Steel G as-rolled 
1 stress 720 The mechanical properties and chemical! 
in & Temoeecrature of Plate, Degrees compositions of the steels are given in 
whict ables 1 and 2. ne E, D anc steels 
| whict Dy a , Tabl land 2 The E, D i F steel 
"/s in 5 48-In. Plates were similar in strength and ductility 
lengti 1 The G steel was stronger than the others 
5 BY F As-Rolled FA% | | The F and G steels differed from the 
on be 3% % D others in having a larger manganese con- 
es ar N g < Dow Tzod 2% tent. The E steel differed from the D 
teria x N steel in method of manufacture. The 
ure 40 transition temperature-range, as deter- 
N ge As-Rolled / mined by the standard Charpy V-notch 
> = 4 o% test, increased in the following order: 
} 95 | | 4 F, G, D as-rolled, D normalized and E 
-~40 go 120 A 72-in. plate mounted in the testing 
1] Temperarure of Plate, Degrees F machine is shown in the photograph of 
2¢-Tr. Plates Fig. 1. The general dimensions of the 
: wide plate specimens and the location of 
Note: Nurmera/s beside indicate the electric gages and of the gage points 
eercerntage of shear Fracture. for the mechanical gages are shown in 
Fig. 3—Comparison of Average Strength of Wide Plates and Temperature. L/W = was he 
mill at a tem rature o ne length o 
0.25, Jeweler’s Saw Cut Stress Raiser. 72-, 48- and 24-In. Plates Ghat thes ot ie 
not known. Rimmed-steel E was normalized at 
perature of 1650° F. for r. and then cooled in 
still air 
| Table 1—Mechanical Properties of Plate Steels 
= Transition Temp., ° F., 
>| Mechanical Properties* Charpy V-Notch Impact 
: Strength, Psi.— Elongation in Reduction of Testt 
y Kind of Steel Ultimate Vield Point 8 In., % Area, % Range Mean 
| Rimmed-steel E as-rolled E 57,000 30,000 31.8 56.4 20 to 140 80 
| Rimmed-steel E normalized EN 57,700 35,100 30.9 55.8 50 to 90 70 
Killed-steel D as-rolled D 65,060 37,600 30.3 53.9 —40 to 100 30 
Killed-steel D normalized DN 59,550 34,700 31.9 59.0 —40 to 100 30 
Killed-steel F as-rolled F 60,750 34,050 30.6 62.4 —70 to 110 20 
Killed-steel G as-rolled G 70,100 41,300 27.9 55.8 — 40 to 120 1) 
. From flat coupon specimens 1'/2 x */, in. 
' Values determined by W. H. Bruckner 


Table 2—Chemical Analyses of Plate Steels* 


Chemical Analysis, °; 


Kind of Steel Cc Mn y Ss Si Al Ni Cu Cr Mo Sn V As N 
Rimmed-steel E as-rolled 0.20 0.33 0.013 0.020 0.01 0.009 0.15 0.18 0.09 0.018 0.024 0.02 0.01 0.005 
Killed-steel D as-rolled 0.22 0.55 0.013 0.024 0.21 0.020 0.16 0.22 0.12 0.022 0.023 0.02 0.01 0.005 
Killed-steel D normalized 0.19 0.54 0.011 0.024 0.19 0.019 0.15 0.22 0.12 0.021 0.025 0.02 0.01 0.00 
Killed-steel F as-rolled 0.18 0.82 0.012 0.031 0.15 0.054 0.04 0.05 0.03 0.008 0.021 0.02 0.01 0.006 
Killed-steel G as-rolled 0.20 0.86 0.020 0.020 0.19 0.045 0.08 0.15 0.04 0.018 0.012 0.02 0.01 0.006 


* Data furnished by Dr. S. Epstein, Bethlehem Steel Corp. 
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g. 5—Comparison of Average Strength and Width of Wide Plates. Jeweler’s Saw 
Stress Raiser. L/W = 0.25. Steels: D As-Rolled, E As-Rolled and D Normalized 


Fig. 2. All wide-plate specimens ye, 
loaded in the direction of rolling exo 
as otherwise noted. 

The terms used in presenting the regu), 
of the tests are defined as follows: 

The average strength of a wide Plate ix 
taken as the maximum load divided }, 
the original net section. The energy 
absorbing capacity is taken as the ar, 
under the load-strain curve for a Rage 
length equal to three fourths of the gros 
width of the plate. This method js 
ject to some errors but the values give, 
may be considered as fairly accurate {;, 
the energy absorbed to failure. 

The percentages of the area of fractyy, 
that were cleavage, single shear and doyt), 
shear, were obtained by macrosecopi 
examination of the fractured edges of th, 
plates. A microscopic examination woy! 
undoubtedly have revealed small amoun; 
of cleavage in shear fractures or of she 
in cleavage fractures. 

Unless otherwise designated, the ter: 
impact test is used to designate the Charp, 
type impact test of a standard V-note} 
specimen made in accordance wit 
A.S.T.M. Specifications. The energy a} 
sorption in foot-pounds is designated a; 
the V-notch impact value, or simply th: 
impact value. 

The strength of the specimens with ; 
jeweler’s saw cut type of stress raiser an¢ 
an L/W value of 0.25, expressed as th: 
average stress on the net section at the 
maximum load, is shown by the diagrams 
of Figs. 3 and 4. The relation between 
the strength and the temperature for 72- 
48- and 24-in. plates made of various 
kinds of steel,* is shown by the diagram: 
of Fig. 3, and for 12-in. plates by the dia 
grams of Fig. 4. The numeral beside 
each point of a diagram is the total per. 
centage of the fracture that is of the shear 
type. In general, the strength of the 
plates increased somewhat with an increase 
in the portion of the fracture that was of 
shear type. However, changes in tem- 
perature not accompanied by a change i: 


* ~~ Fone of all steels are given in Table: 
land 2 


Temperoture of Plate, Degrees F 


¢ 
> 
N As - 
sq © 20%, T 
=N 
a 2e% 
yo 55 d 
s O% 26% 
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Note: Numerals beside points indicate percentage of shear Fracture. 


Fig. 4—Comparison of Average Strength of Wide Plates and Temperature. 12-In. Plates, L/W = 0.25, 
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Biche type of fracture were not, in general, 
B.ccompanied by any significant change in 
strength. 

The relation between the strength and 
She width of wide plates is shown by the 
Sdiagrams of Fig. 5. These diagrams in- 
dicate that the average strength decreased 
with an increase in the width of the plate 
for all kinds of steel, but the relation is 
Snot accurately determined because of the 
cpread between the strengths of the several 
: plates of the same width. However, the 

tendency for the strength to decrease with 
ban increase in width beyond a width of 72 
} in., would seem to be definitely established. 
| Moreover, the rate of decrease would seem 
lito be nearly as great for widths greater 
i than 48 in. as it is for widths less than 48 
lin. The average ultimate strength of 72- 

in. wide plates was somewhat greater than 
the coupon yield-point strength of the 
material. 

The relative strengths of the various 
kinds of steel are shown on Figs. 6, 7 
and 8. In these figures, the strengths of 
72-, 48-, 24- and 12-in. plates are shown 
separately. 

The average strength of wide plates 
was somewhat greater for killed-steel D 
as-rolled, killed-steel D normalized and 
killed-steel F as-rolled than for rimmed- 
steel E as-rolled, all plates being of the 
same width. The average strength of 
wide plates of killed-steel G as-rolled was 
somewhat greater than the strength of 
the plates of other steels. The average 
strength of plates of rimmed-steel E 


) normalized was approximately the same 


as for rimmed-steel E as-rolled. 


Plates of rimmed-steel E as-rolled, 12 
in. wide, tested both parallel and trans- 
verse to the rolling direction showed no 
appreciable influence of the direction of 


} rolling upon the average strength. 


The longitudinal strain in the elastic 


) range and early plastic range was measured 
with '3/,.-in. electric gages; the longi- 


tudinal plastic strain up to the load where 
the first cracks appeared at the ends of 
the stress raiser with 1- and '/,-in. me- 
chanical gages. Likewise, the longitudinal 
plastic strain over a gage length of */, W, 


} was measured with mechanical gages at 
> loads up toand after failure 


The longitudinal strain on 12-in. speci- 


} men 18A-3, steel E, normalized, measured 


with '3/,,-in. electric gages, is shown by 
the diagrams of Fig. 9. The strain on the 
same specimen, measured with '/,- and 
l-in. mechanical gages, is shown by the 
diagrams of Fig. 10; and the strain on the 
same specimen, measured with mechanical 
gages with a length equal to */, W, is 
shown by the diagrams of Fig. 11. 

The diagrams of Fig. 9 indicate that 
the average strain on a 1%/j-in. gage 
length was many times greater at the end 
of the stress raiser than at the edge of 
the plate. Likewise, the diagrams of 
Fig. 10 show that the unit plastic strain 
at the end of the stress raiser was very 
much greater on the !/,-in. gage length 
than it was on the 1-in. gage length for 
loads up to the load at which initial frac- 
ture at the end of the stress raiser oc- 
curred, but the unit strains on the two 
gage lengths were very nearly equal at 
the edge of the plate. The diagrams of 
Fig. 11 show that the strain on the gage 
lines equal to 3/, W was quite uniform 
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Fig. 7—Average Strength of Four Kinds of Steel. 24-In. Plates 
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across the plate at low loads but was 
greater near the central portion than at 
the edges of the plates at loads near the 
ultimate. 

The diagram showing the relation be- 
tween the load and the average elongation 
on a gage length equal to */, W for Speci- 
men 18A-3 is shown by the diagram of 
Fig. 12. This diagram is based on the 
diagrams of Fig. 11. 


The energy absorbed to failure by a 
wide plate has been taken as the area 
under its load-elongation diagram, the 
elongation being the average elongation 
over a gage length equal to */, W. The 
curve showing the relation between the 
temperature and the energy-absorbing 
capacity of a steel plate is made up of three 
parts: (1) A nearly horizontal portion 
at the left, which corresponds to a low- 


energy-absorbing capacity. 
horizontal portion at the righ: 


(2 


corresponds to a high-energy-al 


capacity. (3) A transition port 
tending upward to the right and 
ing (1) and (2). 

The relation between the e; 
sorbing capacity and the tempera 
72-, 48-, 24- and 12-in. plates ; 


various steels is shown by the dj 
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Fig. 8—Average Strength of Six Kinds of Steel. 12-In. Plates 
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of Figs. 13, 14, 15 and 16. All specimens 
had a jeweler’s saw cut type of stress 
raiser and an L/W value of 0.25. These 
diagrams indicate that, for the 72-in. 


} plates: (1) The energy-absorbing capac- 


ity of killed-steel D plates in the as-rolled 


} and in the normalized conditions was 


greatly reduced when the temperature 
was reduced from 32 to 25° F. (2) The 
energy-absorbing capacity of rimmed- 
steel E plates in the as-rolled condition 
was greatly reduced when the tempera- 
ture was reduced from 110 to 80° F. (3) 
Killed-steel D plates in the as-rolled and 
in the normalized conditions had very 
nearly the same energy-absorbing capac- 
ity when tested at the same temperature 
for a temperature range from 0 to 30° F. 
(4) Rimmed-steel E as-rolled plates had a 
much lower energy-absorbing capacity 
than either killed-steel D as-rolled plates 
or killed-steel D normalized plates at 
temperatures from 32to80°F. The maxi- 
mum energy absorption obtained for the 
rimmed-steel E as-rolled plates corre- 
sponded to a temperature of the order of 
120° F.; and at this temperature its energy 
absorption was much less than that of the 
D steel at a temperature of the order of 
30 or 40° F. 

As stated above, the killed-steel D 
plates in the as-rolled and in the normal- 
ized conditions had very nearly the same 
energy-absorbing capacity when tested 
at the same temperature for a tempera- 
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ture range from 0 to 30° F. But for the 
killed-steel D normalized plate, the energy 
absorbed was approximately the same at 
60° F. as at 32° F., whereas, for the killed- 
steel D as-rolled plate the energy absorbed 
was very much less at 59° F. than at 31° F. 
This latter result was so unusual that 
Charpy notch impact specimens were cut 
from the unstressed portion of the killed- 
steel D as-rolled plate which had been 
tested at 59° F. The resulting Charpy 
notch impact value, the average of four 
tests, was found to be in line with the 
values obtained from other killed-steel D 
as-rolled plates from the same heat. 
Another 72-in. specimen of killed-steel D 
as-rolled plate was then tested at 59° F., 


and the results from this test were very 
nearly the same as for the previous test 
at the same temperature. Charpy im- 
pact values for the plate of this specimen 
were also in line with corresponding values 
of other plates from the same heat. It 
would seem, therefore, that the relation 
between the temperature and the energy 
absorbed by 72-in. killed-steel as-rolled 
plates was quite erratic. The results of 
tests of 48-, 24- and 12-in. killed-steel 
as-rolled plates, given by the diagrams of 
Figs. 14, 15 and 16, indicate that the same 
statement applied to plates of this steel 
for all widths from 12 to 72 in., inclusive. 
The temperature-energy absorption re- 
lations shown by the diagrams of Figs. 13 
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Fig. 14—Comparison of Energy Absorption to Failure and Temperature of Test. 48- 
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L/W = 0.25. 


to 16, inclusive, indicate that this relation 
was quite erratic for the killed-steel D as- 
rolled for all plate widths, but was faifly 
consistent for the killed-steel D normalized 
and the rimmed-steel E as-rolled. 

The transition temperature for each 


. kind of steel was approximately the same 


for the four widths of plates except for 
plates of killed-steel D normalized. 
For the latter, the transition temperature 
was lower for the 12-in. than for the 72-, 
48- and 24-in. wide plates. This is the 
only evidence indicating that the transi- 
tion temperature range for wide plates 
with the type of stress raisers used in these 
tests, was materially influenced by the 
width of the plate. 

The relation between the energy ab- 
sorption and temperature for various 12- 
in. rimmed-steel E plates, is shown in Fig. 
16. The improvement of this rimmed 
steel by normalizing is indicated by the 
accompanying shift of the transition por- 
tion of the diagram toa lower temperature 
range. Tests of 12-in. rimmed-steel E 
as-rolled plates, some loaded parallel and 
others transverse to the direction of roll- 
ing, indicated, as shown in Fig. 16, that 
the transition temperature is somewhat 
higher for plates loaded transverse than 
for plates loaded parallel to the direction 
of rolling. 

Tests of 24- and 12-in. wide plates of 
killed-steel F as-rolled indicated that, for 
these widths, this steel had a greater 
energy-absorbing capacity and a lower 
transition temperature range than killed- 
steel D and rimmed-steel E as-rolled. 
This is apparent from the diagrams of 
Figs. 15 and 16. These diagrams also 
show that, of all the 12-in. wide plates 
tested, those of killed-steel G as-rolled 
had the lowest transition temperature 
range. Moreover, the maximum energy- 
absorbing capacity of 12-in. wide plates 
of killed-steel G as-rolled, was nearly as 
great as the maximum for any of the 12- 
in. plates tested, even though it was tested 
at a much lower temperature. The 
normalizing treatment improved the 12- 
in. plates of rimmed-steel E as-rolled in 
that it lowered the transition temperature 
about 30° F., as shown in Fig. 16. These 
diagrams also indicated that the transition 
temperature of this steel was about 10° F. 
higher when tested transverse than when 
tested parallel to the direction of rolling. 
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Jeweler’s Saw Cut Stress Raiser 


It was observed that the energy ab- 
sorbed by the wide-plate specimens in- 
creased as the amount of the fracture that 
was of the shear type increased. This is 
shown by the diagrams of Figs. 17, 18, 
19 and 20. Moreover, the energy-ab- 
sorbing capacity was many times greater 
under conditions that produced a shear- 
type fracture than it was under conditions 
that produced a cleavage-type fracture. 

The various energy diagrams indicate 
that, for the steels used in these tests, 
the relation between the energy absorbed 
and the percentage shear in the fracture, 
did not vary greatly for any of the four 
plate-widths tested. This was true even 
though the temperature corresponding toa 
given percentage shear in the fracture, 
differed greatly for the various steels. 
The results are especially interesting for 
the steels tested in the 72- and 12-in. 
widths, shown in Figs. 17 and 20, since all 
three steels were tested at temperatures 
high enough to give a percentage of shear 
in the fracture of the order of 80 to 90. 
And, at these percentages of shear frac- 
ture, as well as at lower values, the energy 
absorption for the three steels, was ap- 
proximately the same for these two ex- 
treme widths. It would seem, therefore, 
that the type of fracture is a fairly ac- 
curate indication of the energy absorbed 
by the steel up to the time it failed. This 
suggests that a visual inspection of a field 
fracture will make possible a fairly ac- 
curate estimate of the energy absorbed 
before failure occurred. 

The tests previously described were of 
wide plates with severe stress raisers such 
as might result from the fabrication of 
ship plates by welding. Tests were also 
made on plates resembling the fabricated 
parts of land structures. Two specimens 
each consisted of a 24- x 3/,-in. rimmed- 
steel E as-rolled plate with a transverse 
row of '3/,.-in. punched holes spaced 3 in. 
on centers. Another specimen was a 
24- x 3/,-in rimmed-steel E as-rolled plate 
with sheared edges. Of the two plates 
with punched holes, one was tested at 
+79° F. and the other was tested at —38° 
F. The plate with sheared edges was 
tested at —43° F. The two plates with 
punched holes both broke with a cleavage 
fracture, the ultimate strengths being 
54,500 and 51,300 psi. of net section for 
the ones tested at 79 and —38° F., re- 


. —43° F. had an ultimate strength of 4 
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spectively. The corresponding average 
elongations after failure on a gag¢ lengy 
of 17°/s in. (/, W) including the punch, 
holes, was 2.6% for the one tested at 7 
F. and 1.4% for the one tested at —3°; 
The plate with sheared edges, tested 

700 psi. 

The plate with sheared edges but yw; 
no other geometrical stress raisers bro, 
with a cleavage fracture at an avery 
stress of 44,700 psi. The average clong, 
tion on each of three 7!/2-in. gage leny; 
was approximately 2'/.%, and was » 
appreciably greater for the gage leny 
that contained the fracture than for +! 
gage length that did not contain the fry 
ture. 


Conclusions 


Tests of */,-in. plates with widths of 72 
48, 24 and 12 in., containing a jew 
saw cut type of stress raiser and with x 
L/W ratio of 0.25 appear to justify «J 
following conclusions. 

1. For all kinds of steel, the averay, 
strength decreased with an increase ; 
the width of the plate. Moreover, t 
tendency to decrease in strength with a 
increase in the width beyond 72 i 
would seem to be definitely establish: 
The average strength of 72-in. plates 
somewhat greater than the coupon yiel 
point strength of the material. 

2. The strength of the plates increas 
somewhat with an increase in the porti 
of the fracture that was of a shear typ 
Changes in temperature not accompan« 
by changes in the type of fracture wer 
not accompanied by any significant chang 
in strength. 

3. The average strength of wide plat 
was somewhat greater for killed-steel | 
as-rolled, killed-steel D normalized an 
killed-steel F as-rolled than for rimme 
steel E as-rolled, all plates being of t! 
same width. The first three steels abo 
had approximately the same averag 
strength for wide plates of the same widt! 
The average strength of wide plates wa: 
somewhat greater for killed-steel G as 
rolled than it was for the other steels 
The average strength of plates of rimmed 
steel E normalized was approximately the 
same as for rimmed-steel E as-rolled. 

4. Tests of 12-in. rimmed-steel E as 
rolled plates indicated that, for this steel 


the direction of rolling had no appreciable 


effect upon the average strength. 


5. The energy-absorbing capacity o! 


plates with severe stress raisers was many 
times greater under conditions that pro 


duced a shear-type fracture than it was 


under conditions that produced a cleavage 
type fracture. 
type of fracture is a dependable indicatio 
of the energy-absorbing capacity of plate: 


6. When in the form of wide plates 
with severe stress raisers, all of the stee!: 
tested, with the possible exception o/ 
killed-steel F as-rolled and killed-steel © 
low energy-absorbing 
capacity at the subzero temperatures 
which may be encountered in ship naviga- 


as-rolled, had a 


tion 


7. The transition temperature range 
of rimmed-steel E as-rolled plates wa: 
slightly higher when tested transverse 


It would seem that the 
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average than when tested parallel to the direction tic and the plastic strains. with sheared edges but no holes, appear to 
BE Leng Sof rolling. 9. The fracture of all the wide plates justify the following statement. 
= Punch ' g The unit strain at the end of the started at the end of the stress raiser and Punched holes and sheared edges were 
Cd at 79 stress raiser was many times greater than at the mid-thickness of the plate. severe stress raisers and caused a cleavage 
PS atl the average strain over the net section for Tests of 24-in. rimmed-steel E as-rolled type of fracture with some reduction of 
m Sted a loads up to the load where fracture plates */, in. thick, two with a transverse strength and a very great reduction in 
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Discussion of the Paper “Cleavage Fracture of Ship Plates 
as Influenced by Size Effect” 


{c 


By H. W. Wilson, Materials Engineer 


HE investigators of this Ship Structure Committee (6) Normalizing time should be standardized and 4 
Project are to be congratulated on their excellent samples subjected to the same treatment. Holding th 
and most comprehensive paper, which contains steel at temperatures above the critical range for varying 
much needed information and data concerning notched _ periods will be reflected in the varying grain formations 
steel test plates. and also in varying strength properties. 

As is well known, and brought out by the investigators, (c) Samples undergoing treatment (normalizing 
the need for the study of the “‘Cleavage Fracture of Ship should be essentially identical in size as the mechanica| 
Plates as Influenced by Size Effect’ was made acute properties will vary depending upon the rate of cooling 
by the numerous plate fractures that have occurred in which in turn is dependent upon the sample size. As we 
the emergency World War II built merchant fleet. Since know, large samples (slow cooling) will produce pearlite 
this body of ships is by far the larger portion of the mer- grains while, with small samples (rapid cooling), sorbit: 
chant marine of the United States, any study showing grains or a combination of sorbite and pearlite grains 
promise to provide data on the causes for, or provide in- may be formed. 


formation on means for, reduction of ship casualties, In future investigations, it is recommended that all 
is extremely important. phases of production of the steel used for tests be closely J je. 
The main premise of the investigation seems to have controlled in order to eliminate possible variations in the tha 
been to take ship plates of various steel compositions and mechanical properties of the steels under test. tha 
dimensions and test them under such conditions as This investigation will without question furnish use/ul ; 
might easily occur in practice and by use of Mill’s Canon information for preparing specifications and require chi 
of Difference determine what elements or combination of | ments for steel plate and will aid in assessing causes oi JR) pe 
elements might lead to structural failure on a ship in such structural failures as may occur in the future on our FP ye 
service. welded merchant ship fleet. m av: 
It is too bad, however, that this investigation did not In addition to the above the report of the investigators Jy pa 
take into account (1) the combined stresses that almost makes it quite evident that future practical plate speci- ms 
certainly would occur in many actual ship failures; (2) fications must include some form of energy absorption bt 
a study of material fatigue; (3) the effect of surface im- value. The report also indicates that it will be necessary to 


perfections. Also it is felt that a careful microscopic for steel which will be used in the construction of equip- 
examination of the fractured plate surfaces (sheer and ment subjected to use where subatmospheric tempera- 
cleavage) would have produced valuable information in tures will be encountered to have passed combined 
this investigation. stress at low temperature tests. 

It also appears that more control should have been ex- As the investigators pointed out in their conclusions 
ercised and more information obtained concerning the ‘‘the unit strain at the end of the stress raiser was many 
production of the various steels which the project in- times greater than the average strain over the net section 
vestigators used for their tests. for loads up to the load where fracture started. This 

As is well known various factors entering into the was true for both the elastic and the plastic strains. 
production of steel plate will change their mechanical The fracture of all the wide plates started at the end of 
properties. Some of these factors which appear to be the stress raiser and at the mid-thickness of the plate.’- 
applicable in this investigation are as follows: Based on the above it is therefore believed that the 

(a) Unless the size of cast ingots and the amount of value of this project would have been increased con- 
rolling or cold working, together with the subsequent siderably if the energy absorption studies had been cor- 
normalizing or heat treatment are controlled, an equi- related with nondestructive X-ray diffraction measure- 
table basis for the comparison of the relative qualities of ments of stress near the discontinuity produced by the 
the plates under test cannot be completely evaluated. jeweler’s saw cut. 


~ 


—- (Continued from page 168-s) Structure and Chemical Composition,” Progress Report, O.S.R.D. No. 4793 
Serial No. M-444, N.D.R.C. Research Project NRC-77. 

mr (d) The critical temperature for embrittlement ap- 2. Griffis, L., and Morikawa, G. K., “Behavior of Steel Under Conditions of 
Multiaxial Stress and the E flect on This Behavior of Metallographic Structure 
Hee pears to rise sharply with increasing specimen Size, for and Chemical Composition,” Progress i O.S.R.D. No. 5346, Serial No 
example, the reduction of wall thickness in a 20-in. speci- N.D 

3. Hess, A., Goodkind, C., and Griffis, L., “Behavior of Steel Under Condi 
2 men, at —38° F. at a stress ratio of unity, was only one- 


tions of Multiaxial Stress and the Effect'on This Behavior of Metallogré aphic 
fifth of that in a 3-in specimen under the same conditions. Structure and Chemical Composition: Tests of Small Tubular Specimens, 


byes axa Final Report, O.S.R.D. No. 6593, Serial No. M-644, N.D.R.C. Research Project 
Above the critical temperature, however, ductility as NRC-77 


4 Davis, H. E., Troxell, G. E., Parker, E. R., and O’Brien, M. P., “Be 
measured by reduction in wall thickness 1S substantially havior of Steel Under Conditions of Multiaxial Stresses and Effect of Welding 
the same for 3- and 20-in. tubes. and Temperature on This Behavior: Tests of Large Tubular Specimens (Ship 


Plate Series) Final O.S.R.D. No. 6365, Serial No. M-542, N.D.R.C 
Research Project NRC-7 
5. O’Haven, C. P., Trimble, F., “Studies of Plastic Flow by 
Bibliography Photo Grid Methods,’ ’ Proc., Soc. Expt. " Stress Analysis, Vol. 2, N 
6. Fraenkel, S. J., “Experimental Studies of Biaxially Fabooe) Mila Steel 
1. Griffis, L., and Morikawa, G. K., “‘Behavior of Steel Under Conditions in the Plastic Range.”’ ‘To be published in a forthcoming issue of the Journ«! 
of Multiaxial Stress and the Effect on This Behavior of Metallographic of Applied Mechanics, as paper APM1-48. 
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A Study of Slotted 


Tensile Specimens 


for Evaluating the Toughness of Struc- 
tural Steel 


By H. R. Thomas and D. F. Windenburgt 


Introduction 


HE cracking of deck plating of welded merchant 

vessels early in the war led to many investigations 

into the causes of the fractures. Asa result of nu- 
merous investigations the evidence obtained indicated 
that the cracks started at points of high strain and also 
that low temperature might be a contributing factor. 

An extensive program of testing under the sponsor- 
ship of the War Metallurgy Committee of the National 
Research Council was planned, and various laboratories 
were assigned a part in the work in accordance with 
availability of equipment and personnel. One important 
part of the program ‘called for tensile tests of specimens 
made from flat plates */, in. thick, ranging in width from 
6 to 72 in. and ranging in quality of the steel from rimmed 
to normalized fully killed. 

Slotted tensile specimens of rimmed- and killed-steel 
plate were tested at the David Taylor Model Basin to 
determine the effect of: (1) the temperature, (2) the 
sharpness of the notch at the ends of the slot and (3) the 
ratio of the length of the slot to the width of the plate, on 
the tensile strength and on the energy for fracture, and 
also to determine the temperature of transition from 
shear to cleavage fracture. The tests at this laboratory 
were originally planned to evaluate the effect of the vari- 
ables mentioned on specimens 12 in. wide, 24 in. long 
and */,in. thick, with a view to minimizing the number of 
variables it would be necessary to include in the testing 
of large specimens at other laboratories. Later it was de- 
cided that specimens 6 in. wide should also be tested at 
the Taylor Model Basin as part of the program to deter- 
mine the effect of the actual width of the specimen on the 
strength and energy for fracture. Specimens wider than 
12 in. were tested elsewhere. 

The results of tests of the specimens 6 and 12 in. wide 
of rimmed steel E and the specimens 12 in. wide of 
killed steel D are included in this paper. Given also are 
the results of tests of specimens with diagonal slots as 
suggested by W. E. Magee of the U. S. Coast Guard. 


Specimens 


All specimens were made from the “‘pedigreed”’ steels 
designated E and D, supplied by the U. S. Coast Guard. 


* Presented at the Twenty-Eighth Annual Meeting, A.W.S., Chicago, IIL, 
week of Oct. 19, 1947. The opinions expressed are those of the authors and 
are not necessarily those of the Ship Structure Committee or the Navy Dept. 

t Principal Engineer and Chief Physicist, David Taylor Model Basin, 
Washington, D. C. 


Steel E was of the rimmed type and steel D was fully 
killed. Both steels were in the as-rolled condition and 
met the A.B.S. specifications for ship plates. The 
specimens were flame cut from plates */, in. thick, 6 ft. 
wide and 10 ft. long; they were nominally 6 or 12 in. wide 
and 24 in. long. The length of the specimens was in the 
direction of rolling of the plates. 

A transverse slot was cut at the mid-width and the mid- 
lengthofeachspecimen. Theendsof the slot terminated 
either in the kerf of a jeweler’s saw or in a drilled hole; 
in general, the terminations will be spoken of as notches. 
The length of the slots was varied over a range from '/ 3 
of the width of the plate to */, of the width. A grid was 
scribed on the specimens so that longitudinal and trans- 
verse deformations could be observed. A heavy pulling 
head which fitted the wedge grips of the testing machine 
was welded to each end of the specimens. Details of the 
test specimens are shown in Fig. 1 (a), and details of the 
slots are given in Fig. 1 (0). 


Method of Testing 


For tests at temperatures above atmospheric the 
specimens were heated by radiation from lamps or from 
heating elements. For tests at sub-atmospheric 
temperatures a sheet-metal tank, extending about 6 in. 
above the center of the specimen, was soldered to the 
lower pulling head, and a cooling medium was used in the 
tank. The coolant was ice in water for temperatures 
down to 32° F. and dry-ice in a mixture of equal parts of 
water and ethylene glycol (Prestone) for lower tempera- 
tures. The temperatures were measured by a thermo- 
couple peened in a small hole just above the center of the 
slot and by another in the area subjected to maximum 
plastic flow. 

The total elongation up to fracture of those specimens 
failing by cleavage, or up to the maximum load for those 
specimens failing by shear, was measured by a special 
extensometer. This extensometer (Wissler type) con- 
sists essentially of a spool carrying a pointer which ro- 
tates in front of a circular graduated scale. The exten- 
someter was clamped to the upper pulling head and a fine 
copper wire attached to the lower head was wrapped 
around the spool and held taut by a small weight suspended 
from the free end. A rubber band inserted between the 
weight and the wire served to prevent the wire from 
breaking when the specimen fractured. The relative 
motion of the two heads resulting from elongation of the 
specimen thus caused a rotation of the pointer. The 
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Fig. 1 (a)—-Form of Tensile Test Specimens 


total elongation may be estimated to the nearest 0.002 
in., or '/; of a scale division and because of the reinforce- 
ment resulting from heavy weld beads was assumed to 
occur in 23 in. The total range,of the instrument is 
practically unlimited. 

The specimens were loaded slowly, especially in the 
plastic range, to avoid temperature change during the 
progress of the tests. At each load increment the total 
elongation and the temperature were recorded, and be- 
fore the next increment was applied the temperature of 
the plate as indicated by the thermocouples was 
brought back to the desired value, if necessary. 


Results of Tests 


The results of the tests are presented in tabular form 
in the Appendix. Values for tests of rimmed steel E are 
given in Table 1 for specimens 12 in. wide, and results 
for killed steel D are given in Table 2 for specimens of the 
same width. Results for specimens 6 in. wide, steel E, 
are given in Table 3. The results for three types of 
specimens 12 in. wide of steel E, in which the plane 
of the transverse slot was at an angle of 45° to the face 
of the plate, are presented in Table 4. 

In the tables are indicated for each specimen the length 
of the slot in terms of the width of the plate, L/W, and 
the condition at the ends of the slot. Also recorded are 
the test temperature, the average stress at fracture, i.e., 
the maximum load divided by the area of the original net 
section through’ the slot; the energy to fracture, de- 
termined from the area under the load-elongation curve; 
and values of the total elongation to fracture for specimens 
failing by cleavage or to the maximum load for speci- 
mens failing by shear. In addition, for some of the 
specimens the total elongation over a gage length of 9 
in., or */, of the width of the plate, and the percentage 
reduction of thickness of the plate at points just 


beyond the ends of the slot, measured after fracture, 
are included. 


Discussion of Results 


Indeveloping certain phasesof the test program particu- 
lar attention was given to a search for those conditions 
producing a low stress or a low energy for fracture, that 
is, low ductility, rather than systematically determining 
the temperature limits within which fracture changed 
from the shear type to the cleavage type. It is generally 
true that cleavage fracture is associated with low energy 
for fracture, but during some of this exploratory work the 
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Fig. 1 (b)—Details of Slots 


emphasis was on a search for those variables which con 
tribute to low breaking stress or to low energy within th 
range of normal operating temperatures of the ships. 

In Fig. 2 are plotted data from Table 1 showing the 
effect of the sharpness of the notch at the ends of the slot 
on the energy for specimens of rimmed steel broken at 
four different temperatures. It will be observed that 
for slots terminating in holes 0.08 in. in diameter and 
greater, the data fall within a scatter band that indicates 
approximately linear increase in energy with increase in 
diameter at the ends of the slot. The data indicate no 
definite trend with temperature. However, they do 
show clearly that the energy for slotted specimens notched 
with a jeweler’s saw is much lower than that for specimens 
notched with drilled holes. Even for plates notched with 
a drilled hole 0.08 in. in diameter, the energy for fracture 
is about 5 times that for similar plates notched with a 
jeweler’s saw. 

In Fig. 3, the data of Table 1 are plotted to show the 
relationship between the energy required to fracture speci- 
mens which vary only in the type of notch at the ends 0/ 
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Rimmed Steel 
L/W=1/4 


Energy in 1000 Ib. in. per sq. in. 
Jewelers Seu Cut 


78 \/4 3/8 1/2 5/8 3/4 
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Fig. 2—Effect of Acuity of Notch on the Energy Absorbed 
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Table 1—Results of Tension Tests of 12- x 24- x */,-In. Slotted Specimens Cut from Rimmed Steel E Plates 


Slot Av. Total Energy to 

Diam. Tempera- Stress at Elongation, Reduction in Fracture,* Lb.-In 

Specimen Ends, ture, Fracture, * In In Thickness, Fracture Per 
~ No L/W In. * 2, Psi. 23 In. 9 In. % Type Total Sq. In. 

(1 (2) (3) (4) (5) (7) (g) (9) 10 
10 1/32 ysc 40 50,000 0.90 3.5 Cc 314,000 36,300 
13 1/32 JSc 78 52,200 1.09 4.5 Cc 392,000 14,600 

25 1/32 JSC 84 54,000 1.45 S 557,000 63,30 
16 1/32 JSsc 90 54,000 1.45 9.9 Cc 553,000 63,400 
1/32 56,900 1.76 702,000 81,000 
a 1/32 Jsc 100 56,800 1.90 9.7 re 790,000 90,200 
15 1/32 JSsc 110 55,000 1.60 S 630,000 72,000 
19 1/32 JSC 120 55,500 '.7s S 746,000 84,800 
9 1/32 Isc 150 55,200 1.66 S 655,000 74,700 
21 0.22 JSc 38 37,800 0.075 2.5 C 16,100 2,300 
5 0). 22 Jsc 39,000 ().25 5.3 Cc 56,000 7,900 
24 0.22 Jsc 90 40,600 0.25 11.6 Cs 62,600 8,800 
1] 0.22 JSC 100 45,700 0.43 16.7 C 113,000 16,100 
14 0.22 JSC 110 44,100 0.41 13.9 Cc 110,000 15,700 
17 0.22 JSsc 110 45,200 0.51 12.8 C.S 131,000 18,500 
8 0.22 JSC 120 46,500 0.51 S 146,500 20,700 
i8 0.22 JSC 120 16,000 0.55 S 146,000 20,600 
12 ().22 JSC 150 48,300 0.56 S 156,000 22,200 
0.22 0.08 38 47,000 0.35 98,000 13,800 
7 0.22 0.08 78 46,200 0.34 10.7 "ts 92,000 13,100 
30 0.22 0.08 90 16,200 0.40 ¢ 109,000 15,600 
4] 0.22 0.08 100 49,700 0.64 S 185,000 26,700 
+ 0.22 0.08 110 49,000 0.59 S 171,000 24,700 
33 0.22 0.08 110 47,900 0.51 16.1 ee 144,000 20,400 
1} 0.22 0.08 110 49,300 0 70 S 209,500 29,700 
22 0.22 0.08 120 49,500 0.60 S 176,000 25,000 
23 0.22 0.08 150 48,7006 0.55 S 161,000 22,700 
73 0.24 0.25 — 20 55,200 0.68 0.40 20.0 Cc 224,000 32,400 
64 0.24 0.25 0 52,800 0.61 0.41 20.4 C 179,000 25,800 
77 0.24 0.25 73 52,100 0.72 0.50 93.5 Cc 203,000 29,400 
63 0.24 0.25 80 17,800 0.45 11.6 Cc 123,000 17,800 
58t 0.2 0.25 100 49,300 0.48 11.6 Cc 134,000 19,400 
65 0.24 0.25 100 52,200 0.65 22.2 189,000 27,600 
60T 0.24 0.25 120 49,700 0.51 19.6 Cc 143,000 20,900 
80 0.24 0.25 120 50,200 0.77 S 221,000 32,000 
78T 0.24 0.25 140 49,600 0.57 S 156,000 22,500 
76 0.24 0.25 246 54,000 0.80 0.94 S 259,000 37,500 
62 0.24 0.50 —40 60,200 0.89 0.50 94.5 ty 302,000 43,200 
68 0.24 0.50 0 54,300 0.74 0.42 25.2 Cc 232,000 33,200 
56 0.24 0.50 38 57,600 0.74 0.48 25.8 f. 235,000 34,100 
57 0.24 0.50 7 57,800 0.85 0.54 97.0 e 271,000 39,300 
83 0.2 0.50 110 53,500 0.93 0.60 Ss 290,000 2.300 
126 0.24 0.75 —40 60,800 1.05 0.66 97 .3 c 361,000 51,600 
74 0.24 0.75 0 60,800 1.13 0.70 32 3 Cc 393,000 56,600 
96 0.24 0.75 38 58,000 1.14 0.74 33.5 te 373,000 54,000 
88 0.24 0.75 50 56,700 1.15 1.20 6.7 S 384,000 55,300 
131 0.24 0.75 73 59,200 1.05 1.14 Ss 345,000 49,700 
67 1/8 0.08 0 46,600 0.50 11.0 C 150,000 18,700 
82 1/8 0.08 38 49,400 0.79 16.8 Cc 251,000 31,400 
S4 1/4 0.08 0 47,000 0.42 14.0 "th 112,000 16,500 
85 1/4 0.08 38 45,200 0.41 16.0 Cc 106,700 15,500 
72 1/3 0.08 0 47,800 0.29 13.0 Cc 68,500 11,400 
66 1/3 0.08 38 47,500 0.30 13.2 Cc 65,800 10,900 
70 1/2 0.08 0 49,100 0.20 12.0 re 35,500 7,800 
75 1/2 0.08 38 47,000 0,22 s.7 iy 35,200 7,800 
59 3/4 0.08 0 59,100 0.13 7.0 c 13,400 5,950 
69 3/4 0.08 38 58,600 0.19 11.0 c 19,400 8,600 
91 1/8 JSc —40 37,500 0.10 0.08 Cc 25,000 3,130 
99 1/8 Jsc 0 36,600 0.105 Cc 25,600 3,140 
87 1/8 JSc 38 46,000 0.355 te 97 ,800 12,500 
22A1B 1/8 Isc 80 48,800 0.80 S 249,000 32,600 
22A1A 1/4 Jsc —40 42,200 0.033 0.03 e 6,300 970 
22A5B 1/4 JSC 0 38,500 0.07 0.07 Cc 13,600 2,090 
22A6B 1/4 Jsc 38 38,500 0.11 C.8 22,600 3,460 
201A 1/4 Jsc 7 $1,800 0.20 0.54 C.S 44,800 6,900 
22A6A 1/4 Jsc 100 46,000 0.54 0.82 S 140,000 21,500 
137 1/3 Jsc —40 10,200 0.054 0.06 Cc 10,500 1,700 
90) 1/3 JSc 0 39,200 0.110 Cc 21,600 3,600 
71X 1/3 ‘38 39,300 0.13 25,500 4,480 
26 1/3 Jsc 67 40,000 0.19 6.8 Cc 41,500 6,920 
42 1/3 Jsc on 41,900 0.19 C-S 39,800 6,700 
129 1/2 Jsc —40 43,500 0.04 6.03 Cc 5,960 1,310 
130 1/2 Jsc 0 38,400 0.05 0.05 c 6,700 1,470 
127 1/2 Jsc 38 39,600 0.06 0.07 Cc 8,500 1,930 
92 1/2 Jsc 77 48,600 0.40 0.76 Ss 81,300 17,200 
o4 3/4 Jsc —40 43,000 0.042 0.04 re 3,460 1,510 
133 3/4 Jsc 0 43,000 0.06 0.04 Cc $,900 2,150 
136 3/4 ie 38 47,000 0.06 Cc 5,380 2,360 
139 3/4 Jsc 80 51,300 0.105 0.10 c 10,000 $380 


* Maximum load for those specimens breaking by shear. 

t The length of this specimen was perpendicular to the direction of rolling of the plate. 

Notes: Column 2—L/W is the ratio of length of slot to width of specimen. Column 3—JSC indicates the end of the slot terminates 
in a jeweler’s saw cut. Column 5—The average stress is based on the net area through the slot. Column 7—This reduction in thic kness 
was adjacent to the end of the slot. Column 8—C indicates cleavage fracture; S indicates shear fracture. Column 9—Energy for 
fracture is based on the area under the load-elongation diagram. Column 10—Energy per square inch is equal to Column 9 divided by 
the area through the slot. 
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Specimen 
No. 
141 


L/W 


Slot 


Diam. 
Ends, 


Tempera- 


* Maximum load for specimens breaking by shear. 
+t JSC indicates that the slot terminates in a jeweler’s saw cut. 


Av. Total 
Stress at Elongation, 

Fracture, * In. in 
Psi. 23 In. 
50,000 0.160 
49,400 0.190 
48,300 0.255 
53,700 0.550 
49,500 0.550 
53,500 0.550 
50,600 0.360 
53,300 0.340 
50,000 0.380 
48,400 0.210 
54,400 0.400 
53,000 0.550 
52,200 0.550 
0.190 
53,000 0.190 
58,000 0.310 
55,800 0.340 
63,400 0.140 
58,200 0.150 
62,500 0.240 
59,600 0.230 


Fracture 
Type 


Table 2—Results of Tension Tests of 12- x 24- x */,-in. Slotted Specimens Cut from Killed Steel D Plates 


Energy to 
Fracture,* Lb.-Ip 


Total 


44,000 
55,000 


60 
3/4" Diam. 
sol 
> 
— 1/4" Diom. Pra 
30 
> 
10 
Jewelers Saw 
L/W= 0.24 
Xo 0 40 80 120 160 


Temperature in degrees Fahrenheit 


Fig. 3—Effect of Temperature on Energy Absorbed for Speci- 
mens of Steel E 


Per 
Sq. In 
6,40 
7,9 
990 
26,40 
23,40 
25,80 
15,40 
15,90 
15,400 
8.8) 
19,1 
25,10 
25,20 
9,100 
7 BY 
15,20 
15,20 
7,10 
6,90 


11,10 


the slots, and the temperature at which the specimens 
were tested. These data are plotted as a separate curve 
for each type of notch. The curves show, even mor 
strikingly than do the curves of Fig. 2, that a large in. 
crease in energy is required to break plates with notches 
1/4 in. in diameter or more above that required with 


sharp notches. 


r 
40 
2 30 7 
2 
Steel D Rimmed Steel 
£ 20 — 
/\_| 
Keyhole 
Notch 
a 
-120 -80 -40 fe) 40 80 120 


Temperoture in degrees Fahrenheit 
Fig. 4—Charpy-Impact Curves 


Specimen 
No. 
93-A 
128-A 

132 
93 


Slot 


Diam. 


Tempera- 


Av. 


Stress at 
Fracture, 


Psi. 


Total 
Elongation, 
In. in 
23 In. 


0.620 
0.740 
0.080 
0.114 
0.110 
0.120 
0.060 
0.090 
0.030 
0.096 


Fracture 
Type 


Table 3—Results of Tension Tests of 6- x 24- x */,-in. Slotted Specimens Cut from Rimmed Steel E Plates 


Energy to 
Fracture, Lb.-in. 


Total 
102,500 
11,800 

9,500 
14,900 
12,300 
13,200 

4,900 

8,400 

1,380 

4,600 


Per 
Sq. In 
25,600 
928 800 

2,760 

4,460 

4,05 

4,400 

2,150 

3,840 

1,310 

4,180 


WELDING RESEARCH SUPPLEMENT 


Energy in 1000 Ib. in. per sq. in. 


— 


APRIL 


20 


oO 


30 
ure, 
1/4 Jsct —40 
143 1/4 JSCT 0 
ee 190 1/4 JSCt 20 66,500 
a 142 1/4 JSCt 38 184,000 | 
a 185 1/4 JSCt 78 165,000 
4 141 1/4 JSCt 78 180,000 | 
166 1/4 0.08 —40 106,600 
oe 156 1/4 0.08 —40 110,000 
oh 183 1/4 0.08 0 107,000 = 
as 184 1/4 0.08 0 59,000 
es 149 1/4 0.08 20 131,000 
a 189 1/4 0.08 38 171,500 
158 1/4 0.08 82 169,500 
157 1/2 —40 40,500 
hoe 162 1/2 Jsc 0 35,200 
oe 145 1/2 Jsc 38 68,000 
154 1/2 jsc 80 68,200 
155 3/4 Jsc —40 16,000 
Pans, 177 3/4 Jsc 0 15,800 
2 178 3/4 Jsc 38 27,000 
151 3/4 80 26,000 
for 
stran 
gstec 
L 
ence 
"4 
1 
gona: 
gira 
sid 
i 
grea 
reg 
= 
Ends, ture, 
L/W In. °F, 
1/8 Jsc 0 49,200 
ie 1/8 Jsc 38 48,000 
1/4 Jsc 0 42,500 
are 1/4 Jsc 38 45,000 
Boe 86 1/3 Jsc 0 46,800 
ED 98-A 1/3 Jsc 38 46,700 
pete 132-A 1/2 Jsc 0 43,700 
135-A 1/2 Jsc 38 53,800 
ae 135 3/4 Jsc 0 57,000 
128 3/4 38 60,000 
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Per 
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25,600 
98, 800 
2,760 
4,460 
4,054 
4,400 
2,150 
3,540 
1,310 
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Fig. 5—Comparison of Energy and Transition Temperatures 
i Killed Steel D and ar’ § Steel E, Specimens with L/W 
of '/, 


i Only those plates with the sharper notches indicated a 
Htransition temperature. The lower curve for plates of 
Bsteel E notched with a jeweler’s saw bears a striking re- 
—— to the Charpy curve for the same steel with 
a keyhole notch shown in Fig. 4, except for the differ- 
Pence in transition temperatures. The curve for a notch 
50.08 in. in diameter also shows a transition region at 
about the same temperature. 
» Itisapparent then from Fig. 3 that slotted plates with 
sharp notches at the ends of the slots, when pulled static- 
Sally at a range of temperature, can be used to indicate a 
transition temperature between the low values of energy 
Susually associated with cleavage fracture and the con- 
Ssiderably higher values of energy usually associated 
)with shear fracture. 
{ The lower two curves of Fig. 3 are shown again in Fig. 5, 
}together with similar curves obtained for steel D. It is 
j Prealized that the data are not sufficient to clearly define 
any of the curves, since most of the points lie within the 
i of scatter common to such curves. However, the 
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Fig. 6—Effect of Ratio of Length of Slot to Width of Plate on 
Energy Absorbed. Results Are for Steel E Specimens Notched 
with a Jeweler’s Saw 


similarity of the curves in Fig. 5 to the corresponding 
curves in Fig. 4is quite apparent. Moreover, the separa- 
tion between the curves for steel D and steel E in the 
two figures is about the same. 

Thus, it appears that transition temperatures can be 
determined from static tensile tests of plates with internal 
slots terminating in sharp notches. These transition 
temperatures are considerably higher than the transition 
temperatures obtained from Charpy tests on keyhole 
notched specimens. However, this increase, A7’, in tran- 
sition temperature of 60 to 80° F. for the slotted plates 
over that for the Charpy keyhole specimens is approxi- 
mately the same for both steel E and steel D. 

Besides investigating the effect of the sharpness of the 
notches in which the slots terminated on the energy re- 
quired to break slotted plates under static tensile loading, 
the effect of the length of the slots L with respect to the 
width of the plates W was investigated also. Specimens 
of two widths, 6 and 12 in., with slots ranging in length 
from '!/; to */, the width of the specimen and terminating 
in jeweler’s saw cuts were tested at two temperatures, 0 
and 38° F. The results of these tests are shown graph- 
ically in Fig.6 where energy per square inch of the net 
section through the slot is shown plotted against the 
ratio L/W. It will be observed that the values of en- 
ergy are essentially independent of the L/W ratio for all 
values of L/W from '/, to */, for the specimens both 
12 in. wide and 6 in. wide. 

Most of the tests made subsequently at the David 
Taylor Model Basin and elsewhere have been made with 
slotted plates notched with a jeweler’s saw and having 
the ratio L/W='/,. 

It was suggested by W. E. Magee of the U. S. Coast 
Guard, that the energy required to fracture a slotted plate 


eds], 


Rounded Corner 


\ 


Sharp Corner 


| 


Fig. 7—Details of Diagonal Slots and Windows 
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Table 4—Results of Tension Tests of 12- x 24- x */,-in. ae Containing 45° 
tee 


Nominal Total Energy to Frac 
Tempera- Stress at Elongation, 
Specimen Noteh ture, Fracture, In. in Fracture Per 
No. Type* Ends ws 4 Psi. 23 In. Type Total Sq : 
A-43 A Jsc 0 46,600 0.31 c 83,000 12% 
A-39 A yJsc 16 46,700 0.31 c $4,000 13,00 
A-40 A Jsc 32 48,800 0.55 159,000 933 
A-44 A jsc 32 47,100 0.60 154,500 244) 
A-48 B Sharp 16 60,800 1.28 $-C 393,000 fou ee 
A-51 B corners 32 60,000 1.35 S 447,000 67 00 ¢ 
A-50 S 1/2 in. 0 62,500 1.350 Son 1 453,000 68,000 2 
radius at side; C 
corners on other 8 
A-47T Cc 32 61,200 1.800t $-C 635,000 93,54 
A-35 Cc 32 64,000 1.022 336,000 wn Be 
* See sketches of notches, Fig. 7. ° 
t Fracture occurred between ends of opening. The greater part of the fracture was of the shear type. : 


Slots. Specimens Cut from Rimme 


in tension might be appreciably increased by cutting the 
slot at an angle of 45° rather than perpendicular to the 
plane of the plate, thereby making it easier for the frac- 
ture to start in the shear mode than in the cleavage mode. 
Five specimens with slots terminating in jeweler’s saw cuts 
as shown in Fig. 7 were made from steel E and tested at 
temperatures ranging from 0 to 50°. 

The results of these tests are given in Table 4 and 
shown in Fig. 8 together with the results previously shown 
in Figs. 3 and 5 for plates with slots perpendicular to the 
plane of the plate and terminating in jeweler’s saw cuts. 
It will be observed from Fig. 8 that not only did the 
diagonal slots greatly increase the energy absorption for 
the range of temperatures used in the tests, but that 
the transition temperature was apparently considerably 
reduced. The apparent reduction is of the same order 
as the value of AT, thereby making the transition tem- 
perature for specimens of steel E with diagonal slots 
about the same as that obtained by Charpy tests with 
keyhole notched specimens, as shown in Fig. 4. It is of 
interest to note that this curve for 45° slots in steel E 
specimens is strikingly similar to the curve for steel D. 
specimen shown in the upper part of Fig. 5. 

The fact that a change in the plane of the slot from 
90 to 45° results in a large decrease in the transition 
temperature and also in a considerable increase in the 
energy for fracture at low temperature indicates that the 
geometry of the stress raiser is a significant factor in 
controlling the type of fracture, and suggests that the 
diagonal slot is effective in reducing the degree of tri- 
axiality of stress at the end of the slot. 

Two other types of specimens containing diagonal 
slots as illustrated in Fig. 7 were tested. The openings 
in the plates were in the form of arched windows with the 
bottom edge cut at an angle of 45° to the surface of the 
plate. 

The results of these tests are given in Table 4. They 
show that these specimens absorbed from 3 to 4 times as 
much energy as specimens of the same material but with 
diagonal slots without the windows. Thus, the removal 
of a rather large portion of metal which carries very low 
stresses during test has the effect of increasing the energy 
absorption of the specimen several fold. 

The energy absorbed by the tensile specimen up to the 


maximum load is equal to the integral of the load-elon- . 


gation curve to maximum load. It was considered of in- 
terest to see how this energy varied with the total elon- 
gation. Accordingly, a composite plot of the energy- 
elongation data from all the specimens tested including 
those with the diagonal slots and windows was made and 
is given here in Fig. 9. 


214-s 
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It will be observed that the data for all the specimen 


tested can be represented by a smooth curve which deparss . 
but little from a straight line. 
Just why the energy should be so nearly directly pro. 
portional to the elongation, regardless of temperature, 
kind of steel, acuity of the notch, or any other factor ir 
vestigated, is not clear. Since the energy is computed 
from the area under the load-elongation curve, it would Fig. 
seem that the stress at fracture should be involved, es- 
pecially in view of the range in stress from about 36,000 to 
64,000 psi. found in the tabulated results. However, 
this range in stress is not reflected in a corresponding J «1. § 
variation of the energy. cles 
No particular significance is attached to this curve + we 
However, it is pointed out that with the aid of this curve, & + + 
the energy at maximum load can be closely predicted i & ., },; 


the elongation over a corresponding base length 1s 
known. 

It will be noted that, in general, the average stress on 
the net section of the specimens at fracture was not less 
than about 38,000 psi. This is considerably higher than 
the stress to which deck plating is subjected in normal 
service, and in accounting for this difference the pos 
sibility that fatigue may contribute to failure should not 
be overlooked. Professor W. M. Wilson of the Uni 
versity of Illinois has reported? results of fatigue tests oi 
rimmed steel specimens 12 in. wide with internal notches 
one fourth of the width of the plate and terminating 
jeweler’s saw kerfs. The specimens were subjected to re- 
versed stresses from 16,000 tension to 16,000 compression 


50 
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— 
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Temperature in degrees Fahrenheit 
Fig. 8—Results for 45 and 90° Slots. Results are for Transverse 
Slots Notched with a Jeweler’s Saw and Show the Effect of 
Having the Plane of the Slot at 45° Compared to 90° to the 
Plane of the Plate 
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Fig. 9—Relation of Energy Absorbed to Total Elongation 
Results for All Specimens Tested Are Included 


It was found that as the crack progressed the length of 
the fatigue crack when plotted against the number of cy- 
cles was a straight line through the origin. From this 
it would appear that a fatigue crack can start as a result 
of the first stress cycle in a notched specimen having 


| a high stress concentration. 


Conclusions 


From these exploratory tests the following tentative 
conclusions are indicated : 

1. Slotted plates notched at the ends of the slot when 
tested at a range of temperatures can be used to de- 
termine a transition temperature for the particular ge- 
ometry of plate and notch involved. Plates containing 
slots notched with a jeweler’s saw are more sensitive for 
this purpose than plates containing slots notched with 
drilled holes. 

2. Plates containing a slot equal in length to one 
fourth of the width of the plate, or greater, are satisfac- 
tory for the purpose of determining transition tempera- 
tures. 

3. Plates containing diagonal slots and notches ex- 
hibit greatly increased values of energy absorption and 
greatly decreased values of transition temperature com- 
pared to plates containing slots perpendicular to the face 
of the plates. It is suggested that these effects are the 
result of a reduction in the degree of triaxiality of stress 
at the ends of the slot. 


Recommendation 


1. Inviewof the greatly increased absorption of energy 
and the greatly decreased transition temperature found 
for the 45° slotted plates, it is recommended that de- 
signers consider the possibility of using details at an ab- 
rupt change in section which take advantage of this 
effect. 
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‘Discussion of Paper “A Study of Slotted Tensile 


Specimens for Evaluating the Toughness of 
Structural Steel’” 


By E. M. MacCutcheon' 


HE paper by Mr. Thomas and Dr. Windenberg 
has been reviewed with great interest. I have 
_& followed this research program from its very be- 
gmning, and watched its step-by-step progress. It was 
not until I saw the data presented in an orderly fashion 
in this paper that I fully appreciated the extent and im- 
portance of this particular research activity. There is 
much in these data to provide a better working basis from 
which the engineer can review the problem of steel frac- 
ture. In particular, the paper is notable in that it pre- 
sents for the first time some idea of the dimensions and 
severity of defects and inclusions which can be tolerated 
il a specific performance is expected of the structure. 
In Fig. 2, which shows the effect of varying the di- 
ameter of the end of the slot, there has been introduced 
another factor which should be considered in evaluating 


* Paper prepared by H. R. Thomas and D. F. Windenberg and presented at 


the ee Structure Research Sessions of the A.W.S. in Chicago, Ill., on Oct. 


t Naval Architect, U. S. Coast Guard. 


the data. All of the results represented for the jeweler 
saw cut are cleavage fractures occurring at the lower level 
of the transition range. On the other hand, all of the re- 
sults for */, in. diameter are on the upper portion of the 
transition curve. It would appear that the effect of 
notch acuity is not as great as indicated by this chart. 
To apply these data in practice, it would be important to 
know the energy absorption for notches with round ends 
at temperatures below the transition temperature for the 
specimen. It is clear from the curves in Fig. 3 that only 
the two sharpest notches were carried past the transition 
temperature. It is interesting to speculate what the 
effect might be if the '/. and */,-in. diameter slot ends 
were tested in specimens at a considerable lower tempera- 
ture. 

In Fig. 6, considerable dispersion between |the 6- and 
12-in. specimens is noted where the length fof slot to 
width of plate ratio is equal to %. It should be noted 
that at this ratio, the length of the slot in the 6-in. 
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Fig. 1—Data from Table 1 of the Report Plotted Against L/T 
Instead of L/W 


specimen is equal to the thickness of the plate. At this 
same ratio, however, for the 12-in. specimen, the length 
of the slot is equal to twice the plate thickness. Sus- 
pecting that the plate thickness may have more to do with 
this particular function than the plate width, I have 
plotted the reported data on that parameter. It was 


(Continued from page 185-s) 


In regard to dimensions of the tear test specimen, we 
do not maintain that its dimensions are sacred. The 
only dimension which is significant is the depth of the 
notch beyond the center line of load application in rela- 
tion to plate thickness. A limited number of tests con- 
ducted by the authors indicates that the sectional area 
beneath the notch may be reduced without changing the 
location of the transition band. The shape of the notch 
also does not seem to be too important at least when 
varied between the limits of a jeweler’s saw cut and a 
47 drill. The dimensions of the specimen in the vicin- 
ity of the holes can, of course, be altered considerably 
without affecting the results. We have also observed 
that in steels of low yield point, but of high notch sen- 
sitivity, the holes elongate somewhat, but we have 
never experienced any real difficulty in removing the 


found that both 6- and 12-in. specimens fall in line as in 
dicated by Fig. 1 of this comment. The J. /jy~: 
specimens, reported in Table 1 of the paper, also fall on 
the curve, and the energy value heads up to something 
like 260,000, which would be the energy absorption ya), 
for a 23-in. tensile bar with no notch. . 

Previous tests have indicated that the jeweler saw oy 
is almost as severe a notch as can practically be « xpected 
No direct evidence is available from test data on 1, oy 
holes but using the data from Table 1 for cleavage fr, 
tures in notches of L/W equals 0.24 and a little gues, 
work, it was possible to speculate on the results whic 
could be expected from round holes. A _ speculatiy: 
round hole curve is shown as a dotted line on Fig. 1 9 
this comment. The line slopes up as the size of the ho}, 
increases as it must be remembered that increasing th, 
diameter of the hole forces more and more material ¢ 
participate in plastic flow. 

For the first time in Fig. 1, we get a rough idea of th, 
size of cavity or defect which can be tolerated jy , 
structure without the expectation of excessive damag 
It will be seen that for length of defect to thickness 9j 
plate ratios (L/T) less than one-half, the performance 
the specimen is nearly equal to that of one with a round 
hole. From this, it is reasonable to expect that sever 
defects whose area perpendicular to the direction of load 
ing is less than 7?/3 or 0.20 in.* will not be likely to upset 
performance of the specimen more than the presence of , 
round hole 

All of these tests were performed on */,-in. thick 
rimmed steel plate. Similar data on superior steels, plates 
of greater thickness and deposited weld metal would be oj 
real practical importance. Such tests on intentionally 
defective welds preceded, if by X-ray examination, would 
probably give us a more effective inspection standard. 


pins in order to change specimens. Mr. MacCutcheon 
points out that tests on thicker plates indicate that the 
strength of the pin is critical, and special steels must be 
used in its manufacture. While most of our work has 
been on '/» and */,-in. thick plate, we have recently con- 
structed loading shackles for testing medium steel 2-in 
thick plate using 1-in. diameter pins made of drill rod and 
heat treated to a hardness of RA2. Preliminary load 
tests of these shackles to a load of 100,000 Ib. resulted in 
no bending of the pins. We are in agreement with the 
discussor that some or many of the dimensions of the 
tear test specimen can probably be altered without de- 
stroying the correlation which has been found with the 
large flat plate specimens. As a matter of fact, we ex- 
pect in the near future to investigate the effect of some 
variables in the geometry of the tear test specimen 01 
the location and characteristics of the transition tem- 
perature band. 
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DWARD DeMille Campbell, in 
EK whose memory and honor this lec- 
ture was established, is, unfortunately, 
known to me only by his writings. These 
writings are models of clarity of thought, 
ind range from the strictly classical, 
based on concise and close reasoning from 
1 series of well-established facts, to the 
more difficult type comprising the syn- 
thesis of generality based on assumptions 
of fact with a large degree of uncertainty. 
The purely classical type of lecture is ever 
1 joy in that its subject is firmly tied 
down, neatly wrapped up and the con- 
clusion stands for alltime. The other type, 
in the opinion or many, is an even greater 
joy in that it is highly provocative, con- 
structive and pioneering in spirit. The 
study of Campbell’s work shows that he 
recognized the value of both types, and 
particularly that he recognized the diffi- 
culty of the latter. The former may be 
compared to Euclidian theory. From 
generally accepted axioms and  well- 
proved facts comes an unvarying con- 
clusion. The latter may be compared to 
establishing a Euclidian geometry with an 
added axiom that the position of any point 
is indeterminate, although a probable 
position may be established. The diffi- 
culties of such a geometry are obvious, 
and so, too, are the difficulties of dealing 
with any subject in which most of the 
“facts” are fraught with uncertainty. 
Such is the case in the field of ductility cf 
steels for welded structures. 

Imagine attempting to give a classical 
lecture on a subject which has never been 
defined. It is of interest that several 
committees, working over the past years, 
have recognized that ductility is the es- 


_* This is the twenty-second Edward DeMille 
Campbell Memorial Lecture. The lecture was 
presented Oct. 22, 1947, during the Twenty-ninth 
\nnual Convention of the American Society for 
Metals held in Chicago ’ 

| President of Union Carbide and Carbon 
Research Laboratories, Inc. and Vice-Presi- 
dent of the Electro Metallurgical Co., New York. 
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sence of weldability but have failed to 
agree on a definition of weldability. This 
does not mean that the word has no mean- 
ing. The difficulty lies in that it is so all- 
embracing. An analogy is the word 
“machinability.’”” The only satisfying 
definition of machinability which I have 
ever heard is ‘‘the ability of a given piece 
to go through the machine shop without 
irritating the machinist,’’ and yet we all 
know what we mean by machinability. In 
dealing with ductility of steels as welded, 
it is first necessary to emphasize the oft- 
repeated statement that any steel whichcan 
be manufactured with sufficient ductility 
for use can be welded to give sufficient 
ductility, provided only that the welding 
engineer is not restricted in his application 
of welding processes and heat cycles 
This, of course, begs the problem which is 
comprised in the question: ‘“‘Can a given 
steel as welded by a given method, with 
or without pre- or post-heat, provide a 
weldment with properties adequate for 
the intended service?”’ In this question 
we see at once an implied assumption that 
the unwelded steel has properties adequate 
for the intended service, and this leads toa 
concept which is a bit easier to handle 
namely, will the weldment have properties 
not too different from the unwelded steel 
and, if so, which of these properties are 
critical with respect to the intended 
service ? 

Broadly, there are two groups of proper- 
ties of concern to the engineer with re- 
spect to service performance. These are 
strength and ductility. Under strength 
come many items such as proportional 
limit, elastic limit, yield strength, maxi- 
mum strength,ultimate strengthand fatigue 
strength. Under ductility come the items 
elongation, reduction of area, impact 
strength and plain and notch bend perform- 
ance. The items under strength are 
relatively simple matters—they can be 
measured directly and precisely, they can 
be specified with assurance and they are 
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used directly in the design. Items under 
ductility are not used in design. They 
are arbitrarily set on the basis of experi 
ence. In a properly designed structure, 
subject to static loading or slowly cyclic 
loading, ductility plays little role under 
normal conditions, but is a predominant 
factor in behavior and in the type of failure 
under abnormal conditions. The com- 
mon household preserve jar and the tin 
can are cases in point. With adequate 
food preparation and normal handling, the 
glass jar fills its function to complete satis- 
faction. So does the tin can. However, 
in abnormal service, such as dropping the 
glass jar on the kitchen floor, the lack of 
ductility evidenced in the performance of 
the glass jar as compared to that of the tin 
can is obvious. Again, if stored on the 
shelves for long periods, pressure may be 
generated in the containers if the contents 
were not properly prepared. In the case of 
the glass jar, external inspection shows 
nothing, but suddenly the glass may shat- 
ter. In the case of the tin can, a gradual 
bulge takes place which gives warning of an 
abnormal condition. If nothing is done 
about it, finally a slit-like opening de- 
velops which relieves the pressure. In the 
instance cited, by and large no great harm 
is done by the shattering of the glass jar 
except to the housewife’s temper. The 
frequency of occurrence is so small as not 
to be a matter of concern, but if we go from 
the common household pressure vessel 
just described to a tank many feet in di- 
ameter, operating normally under high 
pressure and located amidst operating 
personnel and expensive apparatus, the 
question of whether abnormal conditions 
can be sustained without failure and 
whether final failure is similar to that of 
the glass jar or the tin can is a matter of 
concern. That behavior, under 
abnormal conditions, is a function of 
ductility. Thus we see that the essence 
of the weldability problem is ductility of 
the weldment. 
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Properties of Steel 


Steel for: welded structures must be 
reasonably ductile, mechanically sound 
and must not be hot short. Occasionally 
difficulties with mechanical soundness of 
a weldment are encountered due to ex- 
cessive sparking or spitting or violent gas 
evolution from the steel in the welding. 
A very simple test for such behavior is to 
melt a small portion of the steel with the 
oxyacetylene torch and observe the be- 
havior of the puddle. In general, this 
characteristic of the steel goes by heats, so 
no sampling problem exists. Except 
where very thin sections, such as sheets for 
barrels or drums, are involved, this factor 
is almost never serious. 


saminations and striations on plate are 
of concern in that differential temperature 
stresses may catise separation at such 
planes. There is no generally accepted 
test for such laminations and striations. 
One way of testing for them consists in the 
Magnaflux check of a torch-cut edge. 
Gouging a strip instead of cutting may be 
used for the same purpose. This tests 
only the edge in question. Elsewhere in 
the plate serious striations or laminations 
may occur and would, of course, be unde- 
tected due to the inherently poor sampling. 
The application of supersonic or gamma- 
ray reflection devices to this problem gives 
promise of detection of laminations but 
not of striations. The situation, how- 
ever, is not as bad as the above might 
imply in that the steelmaker, with suitable 
furnacing and deoxidation techniques, can 
be reasonably sure that the material will be 
free from the defects in question. The 
probability of material so defective getting 
into service can be reduced to an accept- 
able minimum by the combination of good 
steelmaking practice and limited testing 
of the plate or member. 


In addition to purely mechanical de- 
fects in a finished weldment, there are a 
number of metallurgical phenomena to be 
considered. One of these, which again is 
of lesser moment in that it occurs so rarely 
is the matter of hot shortness. This 
phenomenon is characterized by lack of 
ductility in certain temperature ranges. 
Iron with extremely low carbon and 
high oxygen may exhibit the phenomenon 
at some 950° C. (1740° F.) A simple 
test for hot shortness consists of fasten- 
ing one end of each of two strips of 
the steel rigidly to a rail or bar and in line. 
The fastening is such that the strips are 
parallel to the rail or bar and about 1 in. 
above it. The free ends meet and are 
welded above the center of the holding bar 
which is immersed in water. Cooling 
takes place under the restraint imposed by 
the fastening. Simple observation or a 
bend test is sufficient to determine whether 
cracking has taken place. As mentioned, 
this phenomenon is not of concern with 
respect to most steels fabricated for weld- 
ing, and the test described need be applied 
only in special instances. 

More important is the tendency of some 
steels, mechanically sound and not hot 
short, to exhibit reduced ductility due to 
other causes. 

It has always been common practice to 
select steels for engineering structures on 
the basis of yield strength and ultimate 
strength with due regard for ductility. 
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The basic criterion of ductility has been 
elongation and reduction of area as meas- 
ured in the static tensile test. Minimum 
values were set for these items based on 
experience with safe structures. These 
structures comprised a number of members 
joined by bolts or rivets, and in the joining 
process there was no major incidental heat 
treatment of the steel. If it were neces- 
sary for the structure as a whole to change 
dimensions due to localized overloading, 
slippage at the joints took place. With 
welding, a new situation arises. No longer 
can the structure adjust its shape by means 
of slippage of the parts along the joints. 
Such adjustment can take place only by 
plastic flow of the material. Moreover, a 
failure in a local section can propagate 
throughout the whole structure depending 
upon the stress conditions. The former 
criterion of ductility—namely, elongation 
and reduction of area of the steel in a 
simple tensile test, is no longer an index of 
its actual behavior. 
This brings us to the crux of the matter. 
All rolled or forged steel and most cast 
steel will show an appreciable plastic de- 
formation before failure under some service 
conditions. Under some other conditions 
all steels will show absence of plastic de- 
formation before failure, i.e., brittleness. 
The prime factors comprised in the con- 
ditions are now well established—rate of 
loading, stress distribution and temper- 
ature. In engineering structures, be they 
bridges, ships or tank cars, the rate of 
loading under normal service is of the 
order of magnitude comprised in static 
testing. The degree of restraint and stress 
concentration in such structures is ex- 
tremely difficult to evaluate, but experi- 
ence indicates that it is rarely much worse 
than that comprised in a specimen with a 
sharp notch as commonly used in testing. 
The temperature of service is generally 
known and for most engineering structures 
can be considered atmospheric. This 
may frequently be as low as —10° C. and 
occasionally as low as —40°C. Realizing 
the inadequacy of ductility measurements 
of the normal static tensile test as a cri- 
terion of behavior of complex welded 
structures, there has been a_ tendency 
among engineers to consider the notched 
bar impact test. This test brings in the 
factor of restraint and stress concentration 
to an important degree. However, the 
rate of loading is much greater than nor- 
mal for engineering structures, and until 
recently there has been little thought given 
to performing the test at a low temper- 
ature when considering atmospheric ser- 
vice. Moreover, it does not take into 
account one of the important factors in 
restraint—namely, total mass, as it is 
necessary to use a l-cm. square cross- 
section bar to represent not only '/2-in. 
bars but likewise material of much greater 
width and thickness. The correlation be- 
tween notched bar impact results and per- 
formance of the heavier plate is far from 
quantitative. 


History 
The effect of hardening next to the weld 
as a result of the heat treatment incident 
to the welding operation is a major item 


which has been investigated intensively in 
the study of weldability.': 2 
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Loss of ductility due to hardening may 
result in actual cracking in the heal 
affected zone of the parent metal, wh ich j 
commonly known as under bead cr king 
or cracking in the deposited weld met, ll dy 


to the stresses produced by the comb 
ation of the normal temperature, restr; 
and the effect of changing volume head 


transformation of the steel.4 Such Crack 
may occur during production or later js 
service. 

To a metallurgist there is NOthing sy. 
prising about this phenomenon. Rat, 
cooling on welding is frequently of 44, 
same order of magnitude as would be pr 
duced by water quenching, this by virty, 
of the conductivity and mass of the mem, 
ber being welded. Cooling rate on wel, 
ing can be controlled within limits by yay. 
ations in the welding process and by th 
use of preheat. Fortunately, this particy. 
lar phenomenon is now well understoo/ 
It has been the subject of intense inves; 
gation. The pertinent factors were syy 
marized® and, in 1943, as the result of ¢ 
work sponsored by the Welding Researd 
Council of the Engineering Foundation, 
partly financed by the Government an 
carried out by Lehigh University, a book. 
let entitled ‘“‘Guide to Weldability g 
Steels’”” was published by the Americay 
WELDpING Society, which deals with this 
subject in a comprehensive manner’ [py 
a series of tables it relates welding con. 
ditions such as voltage, amperage and 
speed to the rate of cooling of steels of 
various cross sections in terms of Jominy 
hardness distance. This allows prediction 
of hardness resulting next to the weld, a 
by preparation and notch bend testing of 
a synthetic specimen of that hardness, a: 


index of the ductility is obtained. The 


system is logical and, within limits, es- 
sentially practical as far as this single 
factor in weldability is concerned. In 
some instances it suffers from lack of pre- 
cision in that it does not duplicate grain 
size, nor does it duplicate time-temper- 
ature conditions for carbide solubility 
In most instances this duplicaton 

sufficiently good so as not to be a matter of 
concern. It likewise suffers in that 
speeds differing markedly from those 
currently common in coated electrod 
welding give cooling rates which fail 
correlate with those predicted. In some 
cases this deviation from true duplication 
of the welding cycle requires major modi- 
fication of the system. The system does 
not differentiate between energy inputs 
obtained by different voltage-amperag: 
combinations, but again, except in special 
cases, this is of secondary importanct 
The importance of this work cannot lx 
overemphasized in that, even granting 4 
certain lack of precision and failure 
apply over wide ranges of speed, it does 
give a highly satisfactory quantitativ 
picture of the hardening phenomenot 
volved in welding, relates it in a concis 
and quantitative manner to our usual 
heat-treating practices, and for most cases 
quantitatively shows the resultant loss of 
ductility. Probably the most valid crith 
cism of the system set forth in the Guide 
Book is found in the statement that " 
takes a Ph.D., plus a boy and a slide rule 
to apply it. This is an overstatement, 
but there is some truth in the implication 
Further, it deals with only one factor 
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of ductility, hardness. Never- 
theless, it should be emphasized that it has 
-robably done more to clarify thought in 
‘his field thanany other single contribution. 

In addition to causing loss of ductility in 
he zone next to the weld, the thermal 
vele incident to welding of the steel has 
nother eflect in that it may supplement 
tresses tending to crack the heat-affected 
sone as well as the deposited weld metal. 
This factor has likewise been investigated 
ntensively by the same group at Lehigh 
inder the same general auspices.’ Stout 
riginated and tested specimens in which 
the degree of restraint could be quantita- 
tively altered at will. Two plates with 
Jots perpendicular to and extending from 
the outer edge toward the welding edge are 
velded, using different heat inputs and 
speeds and different welding rods for test- 
ng. By varying the depth of the slots, 
the degree of imposed restaint is con- 
‘rolled. The maximum degree of restraint 
vhich can be imposed without causing 
failure is an index of the cracking tend- 
ncy. This, too, has done much to in- 
rease our understanding of the phenom- 
non involved and is a most useful tool 
for study. The procedure, being cumber- 
some, precludes the use of this test in 
routine fashion. Again, while combining 


F the effect of restraint and loss of ductility 


iue to hardening, the test is not concerned 
vith, nor does it give information on, loss 
ff ductility by other phenomena. It does 
ave the great advantage of having an 
curate heat cycle corresponding to weld- 
ing in that welding is actually used and no 
synthetic specimens are needed. 

Many attempts have been made to pre- 

lict response to welding heat cycles by 
consideration of chemical analysis alone. 
One generality can be deduced from all of 
this work—namely, that in plain carbon or 
structural low-alloy steels of the S.A.E. or 
high strength types, difficulties in welding 
ire not to be expected if the carbon con- 
tent is 0.149% or lower. With slightly 
higher carbon, whether or not difficulties 
will be encountered depends upon alloy 
content and the specific nature and mass of 
the steel. Work at Battelle Memorial 
Institute on weldability has demonstrated 
this nicely, but emphasizes the fact that 
with carbon appreciably higher than 
(14% the section effect is so important 
that it may be dominant—that is, material 
which gives little trouble in '/,-in. section 
may require preheat in l-in. section. 
These limitations on the approach by 
chemical analysis are so serious that we 
cannot expect to get a universal solution to 
the problem along these lines. 

Another series of attempts has been 
made to predict the effect of the heat of the 
welding cycle from rates of cooling and 
S-curves in the steels in question. Much 
of this has been done by Aborn and by the 
group at the Rensselaer Polytechnic 
Institute. While contributing to our 
fundamental knowledge and broadly re- 
inforcing the principles and findings of the 
Lehigh Guide Book, this work, by its very 
nature, must be considered as research. 
Che tools used therein are not for routine 
testing. Here again, loss of ductility by 
phenomena other than hardening is not 
taken into consideration. 

Much has been said, particularly of late, 
with respect to hydrogen as a prime factor 
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in promoting loss of ductility and cracks in 
weldments. That hydrogen is a factor has 
been well demonstrated, and on occasion it 
may be a contributing factor of such im- 
portance as to warrant isolation and con- 
trol. However, in all but a very few 
special cases it would appear that hydro- 
gen release takes place in materials in 
which ductility is already so greatly 
lowered that it would not be acceptable 
for most weldments in any event. Such 
hydrogen release takes place during fabri- 
cation and is not of concern once a sound 
weldment has been made. When it takes 
place in material which has sufficient 
ductility, the hydrogen release is effected 
without cracking. Nevertheless, the exis- 
tence of this phenomenon must be recog- 
nized and given some consideration in any 
universal approach to weldability. 

Many tests have been devised and used 
in an attempt to integrate all factors in 
some empirical manner as well as to stress 
some factor other than hardening. 

The early tests for evaluating the suit- 
ability of a particular welding process for 
joining a particular type of material 
usually consisted of making a sample 
joint. The ductility of the resulting joint 
was then measured by tensile testing or 
bending. Such testing is still used in 
many applications for process approval, 
and the performance often depends upon 
the skill of the operator as much as upon 
the suitability of the process. 

In many of the early investigations of 
weldability the hardness developed in the 
heat-affected zone contiguous to a weld 
deposit was measured. Usually the hard- 
ness of the heat-affected zone was explored 
by means of a Rockwell or Vickers ma- 
chine. Many data have been obtained 
from this simple test.’ ?, It is almost uni- 
versally used in research to supplement 
other tests. Any relationship between 
maximum hardness in the heat-affected 
zone and the ductility of the particular 
weldment has not been established. Too 
many other factors play a role. Metallo- 
graphic structures resulting from the 
thermal cycle on welding were studied on 
the assumption that ductility can be pre- 
dicted from an evaluation of these struc- 
tures, but again the results are not quanti- 
tative. 

One of the widely used tests for evalu- 
ating weldability is the T-bend test spon- 
sored by Bibber and described by Ellinger, 
Bissell and Williams. A double fillet T- 
shaped specimen is tested as a guided bend 
specimen without removing any metal 
from the face of the weld. A special jig is 
used for bending the specimens and the 
angle of the head of the T at maximum 
load is recorded together with the load 
and type of fracture at failure. Bibber 
and WHeuschkel'® have suggested the 
measurement of the energy absorbed in the 
bending as an additional index. It is in- 
teresting to note that the T-bend test was 
the first test to differentiate between high 
strength and low strength steels. This 
was also the first of the bend tests requiring 
consideration of mode of failure, that is, 
ductile or brittle. It was felt that those 
steels which failed with a brittle fracture 
were less desirable for a welded structure, 
even though the angle at maximum load 
was satisfactory. The early investigators 
showed that the temperature of testing 
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had an important effect on the angle of 
bend and mode of failure. It was felt that 
the T-bend test integrated in the per- 
formance of a welded joint, the quality of 
the base metal and the effect of the weld 
ing. There was no procedure for com 
paring base metal and welded specimens 
Essentially, this testing procedure is 
applicable to comparatively low harden- 
ability structural steels, such as used in 
ship construction. However, there has 
been at least one attempt to apply the test 
to materials with higher hardenability, 
such as steels used in aircraft construction. 

Cornelius and Fashsel'! developed a 
notch bend specimen comprising a trans- 
verse bead weld with a parallel notch 
machined so that its apex touched the 
fusion line. The specimen was bent 
around a pin until the first appearance of a 
crack at the root of the notch. The angle 
of bend at failure was considered to pro- 
vide a measure of the ability of the ma- 
terial in the heat-affected zone to undergo 
plastic deformation. This specimen has 
been modified by various investigators in 
an attempt to develop a test method in 
which the effect of welding on the be- 
havior of the plate material can be com- 
pared with that of the unwelded plate. 
The slow bend test is applicable to any 
thickness of steel plate, and the welding 
technique may be varied to suit practical 
limitations. It has been modified in a 
number of ways, including dimensions of 
the test specimen and the type of notch 
Recently, Luther, ef al.,'* presented the 
results of an investigation of the effect of 
welding on the temperature at which a 
change from ductile to brittle failure 
occurred. It was found that for a number 
of steels the temperature at which there 
was a transition from a ductile to brittle 
type of fracture in the unwelded type of 
plate was raised by welding 

Kommerell'!* and Bierett'* suggested a 
modification of the bend specimens in 
which an unnotched longitudinal bead 
weld was used for determining the weld- 
ability of a structural steel. The German 
investigators stipulated only that the 
longitudinal bead weld specimen should 
not exhibit any signs of brittle fracture. 
American investigators have found the 
longitudinal bead weld slow bend test 
useful. The test has been modified by a 
notch across the weld bead in order to re- 
strict the deformation to a small portion of 
the weld test specimen. This has in- 
creased the sensitivity of the longitudinal 
bend specimen so that it is reasonably 
satisfactory for study of structural steels 
over a wide range of welding conditions 

The relationship between service per- 
formance and the temperature at which a 
bend specimen changes from ductile to 
brittle type of fracture has been realized by 
many investigators in this country. They 
have studied prime plate, and a few have 
shown the importance of the effect of 
welding on the transition temperature. 
One of the earliest investigations reported 
tests on the effect of temperature on the 
angle of bend of welded test specimens 
(Houdremont, Schénrock and Wiester'®). 
They showed an increase in angle of bend 
from less than 20° C. to over 100° C. as 
the temperature of testing increased from 
room temperature to that of boiling water. 
In this country a group at Massachusetts 
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Institute of Technology, initially under the 
late Prof. A. V. de Forest,'*~'8 undertook 
to investigate this method of approach to 
the weldability problem. That work is 
still under way. Already it has shown that 
transition temperature of statically loaded 
notched bars is a most useful quantitative 
measurement of ductility of that variety 
which seems to be most important in 
welded structures. It has shown further 
that in some steels the zone of minimum 


ductility may exist not in the weld 
proper, or even in that adjacent area 
normally considered the heat-affected 


zone, but rather as much as !/, in. or more 
away from the weld. 

A great many other studies have been 
reported during the past few years. Ina 
summary of welding tests of carbon and 
low-alloy steel, Luther, Jackson and Hart- 
bower’ point out the need for fundamental 
information relative to the phenomenon of 
transition temperature. Stout and his co- 
workers” have recognized the relationship 
of notch sensitivity to transition tem- 
perature in testing for weldability. » In 
their work they investigated the effect of a 
number of variables, and found a correla- 


80 


tion between maximum hardness of the 
heat-affected zone and transition tempera- 
ture. 

Luther, Jackson and Hartbower'’ re- 
ported the effect of welding on the transi- 
tion temperature of a number of steels, but 
found difficulty in correlating results 
Anderson and Waggoner®! reported an in- 
vestigation on the behavior of welded 
structural steel and on brittle fractures 
under service loading. They obtained a 
brittle fracture with some 2°, elongation 
and reduction of area. They mentioned 
that due to restraint in a structure, ac- 
companied by low temperatures, the yield 
strength of a structural steel can be raised 
to the ultimate strength, and that this 
eliminates the possibility of yielding. 

There is a general trend in weldability 
testing to the use of low temperatures as a 
determining variable, and all of the recent 
investigators consider that service per- 
formance of a steel or weldment is related 
to its transition temperature. 


Choice of Test Conditions 


Before proceeding with the further 


examination of these and other factors and 


their integration, consider a welded y, 

ture. Unless there is plastic flow to rejj, 
concentrated stresses, the entire elas 
energy of the loaded structure can }y , 
lieved only by a crack, and when gy 
crack starts, the material at its end j S 

jected to the force corresponding to th. 
lease of this energy. Failure with, 
plastic deformation has an extremely | 
time factor so that the force is of g y,, 
high order. 

In the past, the notched bar impact; 
has been used occasionally as an ing 
the ability of material to deform plastic, 
under service conditions. The correl,; 
has not been satisfying. A new appro 
to the phenomenon of plastic deforma; 
has resulted from the greater underst 
ing provided by recent experimenta: 
such as the work at Watertown Arseny! 
Hollomon and Zener.?* For ferrit 
pearlitic steels, the interrelation of r 
of the notch, rate of applied load and te, 
tively proved and quantitatively indicat 
That is, a given degree of plastic defor; 
tion of a notched specimen may be 
tained in a given steel under a wide varie 


8 


O 


Unwelded 


Angle of Bend-° 


Angle of Bend -° 


- 160 


-120 


- 80 -40 
Temperature °C 


+40 


Fig. 3—Comparison of Welded and Unwelded Notched Bar 
Specimens (1.5 In. Width, 0.01-In. Radius Notch). 
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Fig. 1—Comparison of Welded and Unwelded T-Bend Speci- 
mens Prepared by Welding and by Machining—-S.A.E. 1025 
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Fig. 4—Comparison of Welded and Unwelded Notched Bar 
Specimens (3 In. Width, 0.03-In. Radius Notch) 
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Fig. 5—-Comparison of Welded and Unwelded Notched Bar 
Specimens (3 In. Width, 0.01-In. Radius Notch) 
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Function of Total Energy Absorbed, 0.16% 
Semikilled Steel 


of conditions of notch radius, rate of load- 
ing and temperature of testing. With any 


| two of these picked at random for a given 


specimen, the amount of plastic deforma- 
tion which will result can be determined by 
fixing the third. Moreover, for a given 
notch and a given rate of loading for a 
given steel, there is a temperature above 
which failure will take place with some 
measurable plastic flow and below which 
failure will take place with negligible 
plastic flow. 

As most welded structures are not sub- 
jected to high rates of loading, for study of 
steels for welding it is natural to choose a 
rate which is commonly referred to as 
static—namely, a rate common to ordinary 
physical testing. Various notches might 
be used, but there is a standard V used in 
Izod specimens which seems to be suf- 
ficiently sharp for differentiation pur- 
poses and has the merit that it gives data 
which may be considered with respect to 
that vast mass which has been collected in 
standard notch impact testing without 
translation with respect to notch sharp- 
ness. Temperature is conveniently vari- 
able. 

It has long been recognized that duc- 
tility of steel is affected by strain aging. 
The existence of this phenomenon in some 
steels and not in others is likewise well 
known, The steelmaker can produce steel 
in which the strain aging phenomenon is 
cither absent or so small as to be neg- 
ligible whenever it is economically advis- 
ible todo so. ‘The usual test for strain 
ging is simple. Stretch a specimen a 
few per cent, let it age at 200° C. over- 
night or at room temperature for a few 
weeks, and subject it to a standard im- 
pact test. In the case of sheet finished 
by a pinch pass after final annealing, 
a cup test of the Erichsen or Olsen 
variety made several days later will 
establish the existence of the phenomenon. 
The average rimmed and semikilled steels 
exhibit the phenomenon, and killed steels 
nay or may not show it. This depends on 
the degree of deoxidation, using that term 
in its broadest sense—namely, tying up of 
oxygen, nitrogen or any other element 
which may react with such strongly oxide- 
aud nitride-forming elements as zirconium, 
Utanium, aluminum, calcium, vanadium 
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Fig. 7—Embrittling Temperature as a 

Function of Ratio of Proportional Limit to 

Maximum Load (Yield Ratio), 0.16% 
Carbon Semikilled Steel 


and the like. Vanadium is even effective 
in rimming steels. Between the extreme 
case of the usual Bessemer rimmed steel 
exhibiting strain aging to a marked degree 
and a fully-killed low-alloy steel to which 
large amounts of zirconium or aluminum 
have been added with complete suppres- 
sion of strain aging, there exists a broad 
region in which steels exhibit strain aging 
to a greater or lesser degree. It may well 
be that the steelmaker will learn how to 
control this phenomenon in a rimmed steel 
or in a semikilled steel sufficiently for most 
welding purposes at less cost than can now 
be done with assurance in killed steels. 
This is a matter for the future. It is here 
mentioned in that such development 
would be greatly assisted by a generally 
accepted test for weldability. 

It has been noted that in addition to loss 
of ductility due to mechanical defects, 
hardening, rate of loading, and restraint, 
loss of ductility due to lowered tempera- 
ture of service must be considered. The 
steel may normally have a high transition 
temperature or it may be raised by some 
phenomena encountered in fabrication. 
Grain growth in welding, hardening in 
welding or straining before or during weld- 
ing are cases in point. Loss of ductility 
due to lowered temperature may well be 
critical in welded structures, and in many 
instances may be more important than 
any reduced ductility at room tempera- 
ture. Some types of reduction of duc- 
tility may be additive. Whether they are 
simply additive or logarithmically additive 
is not at the present known. Some of them 
are rarely found together. The strain- 
aged zone will probably never coincide 
with the zone of maximum hardening or 
with the zone of most probable existence 
of a mechanical defect. Broadly, however, 
all the factors which reduce ductility 
should be integrated in a manner analogous 
to their integration in service behavior, 
and we are faced with the challenge of de- 
signing a test specimen and prescribing a 
test which will, in itself, comprise such 
integration. 


Principles of Test 


To integrate the more important of the 
factors discussed in the foregoing, a speci- 
men should involve actual welding. This 
will produce the heat cycle of concern, and 
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Fig. 8—Embrittling Temperature as a 
Function of Angle of Bend, 0.16% Carbon 
Semikilled Steel 
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Fig. 9—Embrittling Temperature as a 

Function of Lateral Contraction, 0.16% 

Carbon Semikilled Steel. Note: 0.03-In. 
Lateral Contraction = 1% 
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Fig. 10—Appearance of Fractured Notched 
Bend Specimen. Left, Above Embrittling 


Temperature. Middle, At Embrittling 
Temperature (1% Contraction). Right, 
Below Embrittling Temperature 


power input, speed of welding, and mass of 
the specimen should be variable to match 
the application in question. If the thick- 
ness of the test specimen be the same as 
the thickness of the plate intended for the 
welding, mass effect is automatically 
matched. If the heat input and rate of 
deposition be selected to match, the most 
severe welding condition to be encountered 
in manufacture is duplicated. This much of 
the specimen and procedure can be readily 
standardized for the general case by the use 
of a single bead weld under prescribed 
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conditions. By using a weld bead, all 
chemical and metallurgical effects, in- 
cluding the hydrogen effect, are reflected 
in the specimen. 

The matter of embrittling temperature 
of the steel either as ready for welding or as 
affected by the heat of welding is the next 
factor to be considered. By using a speci- 
men with a longitudinal bead and sufficient 
width so that material which has been un- 
affected by welding heat as well as that 
which has been subjected to hypercritical, 
subcritical and all other temperatures 
down to atmospheric temperature, we at 
once comprise in this specimen of the zones 
of interest with respect to heat treatment. 
By notching the specimen at right angles 
to the weld, each of the zones is notched. 
One item remains—the effect of strain 
aging. If this is of interest, then it is only 
necessary to strain the plate prior to 
deposition of the longitudinal bead. If 
this specimen be then tested in static 
loading as a beam simply loaded in the 
plane of the notch, we have a specimen 
comprising all notch-sensitive areas in the 
weldment and in which failure will be 
initiated by the most notch-sensitive 
area. 

We still have one variable as a determi- 
nant in matching the test to the service— 
namely, temperature. In research work 
various temperatures might be used, but 
for routine testing and specification pur- 
poses a single temperature could be es- 
tablished for most weldments with the 
proviso that the failure be of ductile 
character when the specimen is tested at 
that temperature. This would give a 
simple “go—no go” test. The matter of 
quantitatively specifying the character of 
the failure with respect to ductility is im- 
portant and is dealt with in the following. 


The Criterion for Ductility 


Given the experience and background in 
the field, the setting forth of the principles 
which must apply in the selection and use 
of a test specimen as outlined in the fore- 
going is a matter of pure logic. However, 
selection of the actual test specimen which 
will yield necessary pertinent information 
and choice of the definition of ductile and 
brittle fractures is a matter which can be 
accomplished only by experimentation. 
This experimentation must answer two 
questions: First, will any obvious em- 
pirical specimen serve the purpose better 
than one following the principles set forth; 
and second, if not, what is the best design 
of specimen following these principles, and 
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what is the best criterion of performance 

of that specimen? Accordingly, four steels 

were selected for preliminary survey and 

tested using T-bend specimens as well as a 

number of simple bend specimens of 

various dimensions and with notches of 
varying depth and radii. Weld beads were 
applied transversely and longitudinally. 

Specimens were tested at various tempera- 

tures down to —78° C. The following list 

describes these specimens. Impact tests 
were omitted in this series as sufficient 
background was available as to the short- 
comings of those tests, They were later 
used for comparative purposes. 
1. T-bend. 
2. Transversely bead-welded 1'/2 in. 
width, notch 0.03 in. radius, 
0.050 in. depth. 

3. Transversely bead-welded in. 
width, notch 0.01 in. radius, 
0.050 in. depth. 

4. Transversely bead-welded 11/2 in. 
width, notch 0.01 in. radius, 
0.050 in. depth with side notches 
of 0.01 in. radius and ?/, in. 


depth. 
5. Transversely bead-welded 3 in. 
width, notch 0.03 in. radius, 


0.050 in. depth. 

6. Transversely bead-welded 3 in. 
width, notch 0.01 in. 
0.050 in. depth. 

7. Longitudinally bead-welded 3 in. 
width, notch 0.03 in. radius, 
0.050 in. depth. 

8. Longitudinally bead-welded 3 in. 
width, notch 0.01 in. radius, 
0.050 in. depth. 

9. Longitudinally bead-welded 3 in. 

width unnotched. 

Longitudinally butt-welded 3 in. 

width unnotched. 

11. Longitudinally butt-welded 3 in. 
width, notch 0.01 in. radius, 
0.050 in. depth. 


radius, 


10. 


The T-bend test was rechecked, the 
thought being that -using this test at low 
temperatures might well put it in the 
category desired. Machined T specimens 
were used as well as welded T’s. They are 
described in detail in a paper by Offenhauer 
and Koopman.** These tests showed that 
when applied to relatively unhardenable 
steels, the T-bend test did not differentiate 


between welded and unwelded specin,. 
even when the tests were made oye, 

range of temperature (Fig. 1). Relatiys, 
narrow simple bend specimens with larp 
notch radii showed good duplicability, 
went through the ductile to brittle t.. 
perature range at temperature levels my 

lower than minimum service tempe 
tures and too low to be practical for rout) 
use. Results are typified in Fig. 2 | 
these tests the angle of bend was used , 
the index, as the criterion to be descrijy 
later was not developed at that tip, 
Wider specimens with a large radius note, 
and narrower specimens with a sharper 
notch, as illustrated by Figs. 3 ang ; 
pointed the way to the 3-in. wide and () 

in. radius notched specimen, results 

which are illustrated in Fig. 5. With th 
1/,-in. plate specimen having the 0).()| iy 
radius of the standardized Izod notch ay 
using a 4'/;-in. span and a ram moveme 
of 1 in. per minute, the embrittling ph 
nomenon took place at practicable ten 
perature levels. This work led to the co 
clusion that either the longitudinal 
welded or transversely welded specime 
having 0.01-in. radius notch and ().(5 
depth could be used to indicate the tran: 
tion temperatures, and that for most stee! 
the temperature so indicated would } 
higher than —100° C. Further th 
longitudinally welded specimen was mor 
consistently reflective of welding effec 
than the similar transversely welde 
specimen. Consideration of the Mass 
chusetts Institute of Technology results 
showing maximum loss of ductility som 
distance from the weld, led to final sele 


tion of the specimen with the longitudinal 


bead for engineering test purposes. 


In comparing these specimens it was not 
necessary to have a precise criterion of em- 
However, for use in deter- 
mining quality, such precise criterion is 
Energy absorption, angle oi 
bend, ratios of the area of crystalline- 
appearing to fibrous-appearing fractures 


brittlement. 


necessary. 


and ratio of load at proportional limit t 


maximum load were all examined. Typi- 


cal curves are given in Figs. 6, 7 and § 


Study of the data based on observed frac- 
tures showed at once that while in many 


instances this could be used as a criterior 
for embrittlement, in others the measur 


ment of the area of fibrous fracture was not 
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Fig. 11—Notched Slow Bend Test Specimen 
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Fig. 12—Jig for Slow Bend Test 
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SPecimen 
de over 
Relatiy, 
with larg = fan 
bility, by No 
ittle ten Cc Mu Si P 
Vels my 
temper 
‘or routir Plain Carbon Steels: 
ig. 2 F- 16 0.16 0.45 0.01 0.014 
Se. | 10 0.16 0.40 0.01 0.025 
4S Used g 11 0.19 0 62 0.18 0.035 
hat Um Low Alloy, Structural Steels: 
note) 
3 and § 19 0.10 0.65 0.23 0.013 
and (),() 7 0.10 0.61 0.29 0.13 
With thi Alloy Steels; Engineering: 
© 0.01 in 17 0.28 0.51 0.25 0.028 
10tch ay 20 0.30 0.85 0.21 0.018 
0.44 0.95 0.26 0.025 
1Ovement 2? 0.41 0.65 0.31 0.017 
ling ph 
Plain Carbon Steels: 
4-76 0.10 0.42 0.14 0.008 
tudinal} 4.77 0.18 0.56 0.25 0.011 
pecime: 4-78 0.30 0.54 0.19 0.011 
| 0.05 iz Alloy Steels: 
te tran 908 048 021 0013 
OSt stee} 4-80 0.08 0.51 0.24 0.013 
vould ty 4-81 0.08 1.02 0.23 0.013 
4-82 0.08 0.51 0.70 0.012 
her th 4-117 0.10 1.00 0.26 ~=—-:0.008 
vas mor = — 
ig effect 
welded Ee sufficiently precise. In many cases the 
- Mass. EE nature of intermediate fracture made it 
- results impossible to give a sharp evaluation. 
ity some fee Accordingly, this was rejected as an index. 
al selec. faa While the angle of bend could be measured 
ritudinal é with precision, it did not correlate suf- 
Ss. » ficiently well with the type of fracture. 
was not ee) Consideration indicates that in addition to 
n of em- Ee types of fracture, initial yield strength and 
n deter. Hy tate of propagation of failure were de- 
erion is es terminant factors. Total energy obtained 
ingle of : by planimeter measurement of the area 
stalline- i under the stress-strain curve on the bend 
ractures B) test was carefully checked. Here again, 
limit to [E) initial yield strength played too important 
Typi- i arole. Moreover, laminations or striations 
and completely confused the picture. Propor- 
ed frac- tional limit ratio as a criterion suffered 
n many for the same reason. 
riterion §) It was at this point that we once again 
leasure- Tesorted to reasoning from service per - 
was not [P) formances. Examination of service fail- 
| ures shows the glaring crystalline facets in 
) the fracture, invariably at the origin and 
| frequently throughout the whole fracture. 
However, when the crack has not gone 
| through the entire structure, some fibrous 
\dy | areas appear at the edges near the end of 
the fracture. Whenever this occurs there is 
a small but definite reduction in cross 
section of the plate materials. Once 
stated, the thought is obvious, contraction 
of cross section at the point of failure is the 
true criterion of material behavior on 
failure. This eliminates yield strength as 
;a direct factor in the index, reduces cold 
work effect to negligible proportion, and 
) is separate from the rate of propagation. 
| ; Accordingly, the width of the specimen 
\ | adjacent to the notch was measured with a 
; | Micrometer caliper. The linear contraction 
. \ ; of the specimen could be readily measured 
‘/32 In. below the notch and in the zone 
immediately adjacent thereto. This has 
been termed “lateral contraction.” A 
| number of steels were tested using lateral 
MAY 1948 


Table 
Results of Chemical Analyses 


——— Per Cent —— 
-Aluminum-—, 
he) Cr Cu Ni Mo Sol. Insol. N Remarks 
COMMERCIAL STEEL HEATS 
0.038 0.056 0.14 0.11 0.0025 Rimmed 
0.027 0,064 0.025 trace 0.006 0.011 0.0039 Semi-killed 
0.030 0.039 0.021 trace 0.003 0.009 0.0042 
0.027 0.037 0.023 trace 0.003 0.002 0.0042 
0.032 0.029 0.026 0.038 0.008 0.003 0.0025 
Ti V 
0.026 0.054 0.11 0.068 0.012 0.004 0.007 0.0039 0.009 0.026 
0.026 0.054 0.11 0.091 0.016 0.007 0.009 0.005 0.01 0.035 
9.031 0.68 0.48 0.61 ssege 0.050 0.002 0.0056 
0.031 0.57 0.64 0.31 0.037 0.045 0.004 0.0042 Zr 
0.030 0.56 0.080 0.057 0.019 0.018 
0.040 0.61 0.078 0.038 0.018 0.024 
0.022 0,92 0.05 0.083 0.26 0.030 0.007 0.013 
0.013 0.60 0.11 0.56 0.24 0.035 0.004 0.009 
0.03 1.01 0.03 0.04 0.19 0.042 0.002 0.004 
0.014 0.78 0.0 1.78 0.27 0.040 0.004 0.016 
EXPERIMENTAL STEEL HEATS 
0.0 0.142 0.010 
0.02% 0.160 0.015 
0.032 0.158 0.016 
0.030 - 1.96 0.131 0.014 
0.029 1.02 0.142 0.013 
0.026 0.142 0.013 
0.028 0.123 0.014 
0.027 0.005 0.003 0.12 
contraction as an index of performance. Transition Temperature and Embrittling 
Typical results are shown in Fig. 9. They Temperature 
proved to be highly duplicable and gave ex- The much-discussed transition tempera- 
cellent correlation at the embrittling tem- ture is difficult to define precisely. The 
perature with service performance as best, definition would appear to be that 
otherwise predicted. temperature at which the steel first fails 
Table Il 


Results of Tensile Tests of 0.375-Inch Tensile Specimens 
(Average of Two Tests) 
Specimens Machined Longitudinally to Direction of Rolling 


% % Red. 

of --Lb. Per Sq. In.~ in of Grain 

Steel Description Condition — Y. P. Ult. Str. I%in. Area Size 
COMMERCIAL STEEL HEATS 

Plain Carbon Steels: 
16 ¥Y4-in., 0.16% C, rimmed A.R. 32,700 57,300 39.4 66 6,7 
16 %-in., 0.16% C, rimmed N 41,800 60,000 40.0 65.5 8,7 
10 Y,-in., 0.16% C, semi-killed A.R. 36,800 58,150 40.0 67.5 6,7 
10 ¥,-in., 0.16% C, semi-killed N 40,450 57,700 41.3 70.1 6,7 
10 1-in., 0.16% C, semi-killed A.R 33,450 53,950 40.7 68.3 6.5 
10 1-in., 0.16% C, semi-killed N 35,000 56,300 40.0 69.5 6,5 
11 Y,-in., 0.19% C, fully-killed ALR. 39,550 67,200 34.7 63.0 7,6 
1! %-in., 0.19% C, fully-killed N 47,200 68,600 37.0 67.0 ~ 
11 1-in., 0.19% C, fully-killed A.R. 33,600 61,800 38.6 64.2 5.6 
11 l-in., 0.19% C, fully-killed N 42,250 67,200 37.3 67.6 6,7 
12 Y%-in., 0.24% C, fully-killed A.R 36,300 63,600 37.3 62.2 7.8 
12 Y%-in., 0.24% C, fully-killed N 42,700 66,300 36.6 64.2 8 
12 1-in., 0.24% C, fully-killed A.R. 31,150 63,800 36.6 60.4 6.5 
12 1-in., 0.24% C, fully-killed N 40,450 69,100 37.3 62.4 7,8 
13 1%4-in., 0.29% C, fully-killed A.R 45,400 77,200 32.6 54.6 7,8 
13 \%-in., 0.29% C, fully-killed N 48,650 80,900 12.0 60.0 g 
13 1-in., 0.29% C, fully-killed AR 40.500 78,200 32.0 58.7 6.5 
13 l-in., 0.29% C, fully-killed N 44,000 80,000 33.3 61.0 &.7 
Low Alloy, Structural Steels: 

8 ¥%-in., 0.15% C, Mn-V-Ti A.R 49,100 73,600 36.0 71.3 7,8 

g %4-in., 0.15% C, Mn-V-Ti N 55,400 72,700 36.6 73.0 8 

9 1-in., 0.14% C, Mn-V-Ti A.R. 42,250 69,500 34.6 71.0 6,7 

9 1-in., 0.14% C, Mn-V-Ti N 52,700 69,100 38.6 73.3 g 
19 ¥Y-in., 0.10% C, Cr-Ni-Cu A.R. 48,200 65,900 39.3 75.0 8 
19 Y,-in., 0.10% C, Cr-Ni-Cu N 45,409 69,050 38.6 73.0 7 
19 1-in., 0.10% C, Cr-Ni-Cu A.R 41,150 65,400 38.0 70.4 8 
19 N 41,800 68,600 38.0 69.3 8 


1-in., 0.10% C, Cr-Ni-Cu 
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Table I I—(Continued) 
Results of Tensile Tests of 0.375-Inch Tensile Specimens 
(Average of Two Tests) 
Specimens Machined Longitudinally to Direction of Rolling 
No. %Red. 
of Per Sq. In.~ in of _ Grain 
Steel Description Condition Y, P Ult. Str. 1% in. Area Size 
COMMERCIAL STEEL HEATS 
Low Alloy, Structural Steels: 2 
7 WA -in., 0.10% C, Cu-Cr-Ni-P A.R. 57,700 79,550 34.0 67.7 7,8 
7 %-in., 0.10% C, Cu-Cr-Ni-P N 48,200 78,200 36.0 73.1 8 
24° ¥%-in., 0.14% C, Cr-Zr A 52,910 80,200 43.0 me 7 
24 %-in., 014% C, Cr-Zr N 48,200 73,600 37.3 73.2 
25* %-in., 0.10% C, Cr-Zr A. 47,510 73,640 43.0 — 7 
25 Y%-in., 0.10% C, Cr-Zr N 45,400 69,300 38.0 74.0 
Alloy Steels: 
17 44-in., 0.28% C, SAE 4130 A.R 35,600 72,000 35.3 65.7 8 
17 %-in., 0.28% C, SAE 4130 N 60,000 117,200 24.0 49.3 8 
20 ¥-in., 0.30% C, NE 8730 A.R 49,100 76,000 33.3 64.5 7 
20 %-in., 0.30% C, NE 8730 N 96,300 130,900 20.0 50.2 8 
21 %-in., 0.44% C, SAE 4140 A.R. 118,100 152,250 16.0 44.2 
21 ¥-in., 0.44% C, SAE 4140 N 121,800 160,000 15.6 43.6 
22 Y%-in., 0.41% C, SAE 4342 A.R. 123,600 161,800 14.6 37.2 
22 ¥-in., 0.41% C, SAE 4342 N 136,300 180,450 13.3 31.2 
EXPERIMENTAL STEEL HEATS 
Plain Carbon Steels: , 
4-76 %-in., 0.10% C, fully-killed N 40,000 54,500 46.6 74.2 8,7 
4-77 %-in., 0.18% C, fully-killed N 44,500 65,400 40.6 65.2 8,7 
4-78 Y%-in., 0.30% C, fully-killed N 50,900 74,500 34.6 61.4 8,7 
Alloy Steels: 
4-79 %-in., 1.96% Ni, fully-killed N 53,600 63,600 40.0 71.2 8,7 
4-168 %-in., 0.52% Cr, fully-killed N 40,200 60,000 40.3 72.3 8,7 
4-80 %-in., 1.02% Cr, fully-killed N 44,500 60,000 43.3 77.7 8,7 
4-81 Y%-in., 1.02% Mn. fully-killed N 47,200 60,000 41.3 74.8 8,7 
4-82 4 -in., 0.70% Si, fully-killed N 47,200 61,800 41.3 72.0 8,7 
4-117. \%-in., 0.12% V, fully-killed N 51,800 65,400 41.3 70.9 8,7 
Table III 
Embrittling Temperature Determined by Charpy Vee 
Notched Specimens; 1% Contraction of Fracture 
Energy Absorption 
Steel Embrittling (in Ft-Lbs) 
No. Type Temperature at Emb. Temp. 
7 N* 0.10% Cu-Cr-Ni-P — 55°C 9 
10N 0.16% C semi-killed — 24 7 
11 N 0.19% C fully-killed — 56 6 
12N 0.24% C fully-killed — 30 6 
13 N 0.29% C  fully-killed — 29 7 
16N 0.16% C rimmed — 28 10 
17N 0.28% C SAE 4130 + 4 9 
17 0.28% C SAE 4130 + 12 8 
19N 0.10% C Cr-Ni-Cu —109 9 
19 0.10% C Cr-Ni-Cu —119 10 
21N 0.44% C SAE 4140 + 60 10 
22N 0.41% C SAE 4342 + 60 il 
4-76 N 0.10% Cc fully-killed — 80 10 
4-77N 0.18% C fully-killed — 92 9 
478 N 0.30% fully-killed — 75 11 
4-79 N 1.96% Ni fully-killed —120 11 
4-80 N 1.02% Cr fully-killed ~—113 13 
4-81 N 1.02% Mn fully-killed —109 10 
4-82 N 0.70% Si fully-killed — 83 11.5 
*Normalized Plate. 
with plastic deformation approaching zero Proposed in relation to this. The sharp 


under a given set of conditions. Aside 
from the practical fact that the experi- 
mental determination of such a tempera- 
ture requires elaborate apparatus, such as 
that being used in the Massachusetts Insti- 
tute of Technology research, the definition 
is lacking in that the conditions are not 
specified. For any given steel in a given 
stage of heat treatment, the transition 
temperature is a function of stress dis- 
tribution and rate of loading. From an en- 
gineering standpoint we are interested in 
that condition in the average structure 
which results in failure without warning, 
commonly known as brittle failure. Con- 
sider the test specimen and procedure here 
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notch in a 3-in. wide specimen represents 
the worst probable stress distribution in 
such a structure. The rate of loading 
corresponding to the 1-in: per minute 
motion of the ram in testing is of the 
same order of magnitude as rate of appli- 
cation of loading stresses for structures 
in “static” service. And finally, a meas- 
ured contraction of 1% under these 
conditions broadly corresponds to the 
deformation measured in service failures 
at the section near the end of cracks 
which stop propagating. Again, cata- 
loging the steels in line with experience, 
we note that the temperature corre- 
sponding to 1% lateral contraction of the 
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test specimen is about th 
“transition temperature” 
to find at low temperature under sery:,. 
conditions. It differs from any theorer;. 
transition temperature in that there jc 
factor of safety comprising th, differenc. 
between zero and 1% lateral eo 


e€ same as th 
Wwe would 


Teticg 


/ 


Ntractior 
For clarity and for engineering PUrpose 


we choose to define that temperature » 
which the specimen in question shows , 


more and no less than 1° lateral contre. 


tion parallel to the notch as the « Mbrittling 
temperature. This definition of embrit 
tling temperature is based on engineering 
judgment by analogy with other indice 
for ductility. It should be emphasiz 
that in all engineering design there js » 
absolute criterion for degree of ductility 
All specifications for ductility are of th 
Same nature, arbitrary, even though 5, 
sulting from considered judgment based o, 
experience. 

Having decided on an apparently satic 
factory test and a quantitative index fy 
ductility of steels to be welded, the next 
step was to test a wide variety of steels; 
various states to determine whether ¢} 
test in general gave the type of result toby 
expected, and to attempt to explain ste 
behavior. 


Experimental Procedure 


In order to investigate the Various 
factors comprised in both the test speci- 
men and the embrittling temperature, , 
number of steels were obtained from con 
mercial sources and a variety of steels wer 
made in the laboratory. Due to the dif. 
culty in obtaining commercial plate, th 
materials actually tested did not cover thy 
entire range of those which we would hay, 
liked to include, and in some instances t} 
amount was insufficient for all of the test: 
However, the tests are sufficient for th 
purpose. As will be seen from Table | 
which gives chemical analyses, a rimme 
and a semikilled carbon steel are include 
with the killed low-alloy and AIS] 
steels. As some of these were off-analysis 
heats, steels are reported by chemical 
composition with no other attempt t 
designate them as to type. It should hk 
further noted that the chromium-copper- 
nickel steel has relatively low yield and 
ultimate strength. It was developed for 
use in the chemical industry at particular!) 
low temperatures, and is not to be con- 
sidered as a high yield strength structural 
steel. 

In the laboratories, 100-Ib. heats wer 
prepared in induction furnaces, using a 
practice which had been developed over 
the years. It apparently has a major 
effect in improving transition tempera 
tures of the resultant steel. Low-carbor 
steel scrap is charged and melted, ind 
immediately after melting deoxidized with 
manganese and silicon. This is followed 
by an addition of graphite in excess of tha! 
required to bring the carbon to the de 
sired level, the heat is kept on at this tim 
and a boil takes place almost immediately 
When the carbon is at the desired level, 
silicon and manganese are added and the 
heat brought to proper pouring tempera- 
ture. Aluminum, zirconium or other 
strong deoxidizer, is added immediately 
before pouring and is stirred into the 
metal. This detail, which might be con- 


MAY 


sideret 
js giv’ 
tempe' 
was af 
comm 
this W 
Eac 
Charp 
furthe 
bead 
tempe 
sults, 
ing th 
of coo! 
notch 
surfac 
utter 
hecke 
late § 
hould 
The o1 
rate pe 
specin 
the ed 
parall 
A slig] 
onsec 
lore a 
The 
xplan 
read | 
given, 
pressi 
the de 
effect 
tween 


the re 
tolera: 


span 
not a 
is mit 
The 
in tha 
the ra 
crease 
ibout 
very 
selecte 
span ' 
invest 
sults f 
also sk 
Met 
head f 
tures 
dry ic 
tive. 
petrol 
circul: 
has b 
Below 
are wu 
follow 
C., liq 
most | 
go bel 
dry ic 
that p 
Not 
perfor 
comm 
not pe 
to the 
steels 
dition 
in the 
some 
and s 


1948 


by 
4 
% 
a 
£4 
4 


Ne aS the ed redundant in a lecture of this type, —= Se 
exper the level of embrittling Table IV 
for all of the laboratory steels Embrittiing Vemperatures Based en 
heoreticg a poe iably lower than that of similar Condition of Specimen —s 
‘here is a commercial steels. Probable reasons for Code Prior to Welding 
Aiffereng this will be discussed later. ‘ AR. 
traction Bach of the steels was submitted to the ormaliz 
PUL Poses test using an Izod notch, and Aged 16 at 200° C 
Tature a further submitted to notched and welded- Ties of Beeches 
shows 1 bead notched bend tests at a series of P. Plate (unwelded) 
Contrag temperatures down to —180° C. LW. Longitudinally Welded Plate 
Before proceeding to a discussion of re- Tw. Transverse Welded Plate 
the following detail is given regard; 
phasiz of cooling. 1 spec COMMERCIAL STEEL HEATS 
“ts 11. The 3 in. width is convenient. The Plain Carbon Steels: aoe 
luctility face of the plate and cut with a fly 10 1-in., 0.16% semi-killed — 85 
© of the utter or a milling cutter, which should be il ¥-in., 0.19% C, fully-killed — 85 
ough hecked at frequent intervals with a tem- il 1-in., 0.19% C, fully-killed — 85 —100 Pea Le Pf oe 
based or : = nieaell 12 \¥-in., 0.24% C, fully-killed — 70 — 85 — 35 — 65 
lo late gage. The thickness of the specimen 12 1-in., 0.24% C. fully-killed — 90 — 95 
hould be the same as that of the plate. 13 \%-in., 0.29% C, fully-killed — 10 — 10 — 10 —'10 
tly satis The only dimensions which must be accu- 13 1-in., 0.29% C, fully-killed — 45 — 80 ‘ - ewaws 
ndex for rate pertain tothe notch. The width of the Alloy, MeV-Ti 
the nex specimen need not be accurate as shaping 9 1-in., 0.14% Mn-V-Ti —105 
Steels j the edges adjacent to the notch provides 19 %-in., 0.10% C, Cr-Cu-Ni —175 —175 a —165 —170 
ult on A slight variation from 3 in. width is of no 24 0. 14% ron Grazr 75 
ate onsequence since readings are taken be- 25 %-in., 0.10% C, Cr-Zr —105 ee 
fore and after testing. Alloy Steels: _ 

The jig shown in Fig. 12 requires little 0.30% & = 
xplanation. While the radius of the ram 21 0.44% C, SAE 4140 
ead used in connection with the jig is 22 -in., 0.41% C, SAE 4342 _> +100 > +100 bo pa ak ese 

various viven, this radius is not critical. The de- 
st speci- pression in the rollers to allow passage of — = 
‘ture, @ TM the deposited bead can be varied without Table 1V—Continued 
oe effect on the results. The distance be- Embrittling Temperatures Based on 1% Contraction 
a. tween roller centers and the diameter of ao ies 
he difi- the rolls should be held to a reasonable No. of —— Welded Specimens 
Si the tolerance as these control the effective Steel Description AR. N. S. S.A. N.S.A. 
of the specimen. However, this is EXPERIMENTAL STEEL HEATS 
= not a critical factor in the results as far Plain Carbon Steels: - ; 
i tests. The span used requires some discussion 4-78 44-in., 0.30% C, fully-killed — 9 
for th ' in that with constant speed of ram head Alloy Steels: _ 
able 1, the rate of straining decreases as span in- Her 
— creases. The pattern of stress distribution 4- 81 tin, 1.02% Mn, fully-killed ~150 
ee ibout the notch is probably changed only 4- 82 ¥4-in., 0.70% Si, fully-killed ~110 
AISI very slightly. A span of 4.5 in. was +4 44-in., < 
nalysis selected on the basis of the results. This 
remit’ span was applied to all thicknesses here Pisin Carbon Steck: COMMERCIAL STEEL HEATS 
investigated, including 1l-in. plate. Re- +4 ¥4-in., 0.16% 
DE g-in., 1% C, semi-ki —7 —5! —4! —§ 
pn span on 1-in. thick plate are 10 0 16° semi-killed 
Id an Methods of cooling specimens and ram 11 |-in., 0. 19% fully-killed = ? 
ed for head for test follow. For all test tempera- 12 0.24% C, fully-killed +10 —20 —35 
cularly 12 1-in., 0.24% C, fully-killed —10 —20 
spt tures down to —78° C. the use of acetone- 13 14-in., 0.29% C. fully-killed +10 ~10 ? +10 
dry ice mixtures is convenient and effec- 13 0.29% C, fully-killed +20 +20 
ictural tive. From —78 to —150° C. a bath of Low Alloy, Structural Steels: ; 
circulating through a heat exchanger coil 19 14-in., 0.10% C, Cr-Cu-Ni —65 —70 —65 —85 
sing 4 has been found to be most satisfactory. 19 1-in., 0.10% C, Cr-Cu-Ni —50 —60 se sees 
1 over Below this temperature, specific mixtures 7 (4-in., 0.10% C, Cu-Cr-Ni-P +e +0 
are used for specific temperatures, as iin. 10% = 
apers follows: 183° C., liquid oxygen; — 196° Alloy Stecis: 
arbon C., liquid nitrogen. As indicated later, for 17 4-in., 0.28% C, SAE 4130 +35 +20 > +80 +55 +55 
most routine testing there is little need to 0.30% C, NE 8730 bites 
+} g re 21 4-in., 0.44% C, SAE 4140 
— go below —40° C., and the simple acetone- 22 4-in., 0.41% C, SAE 4342 
lowe’ Bf dry ice mixture gives a teady solution to EXPERIMENTAL STEEL HEATS 
f that that problem. Plain Carbon Steels: ae 
“Notched bend tests as described 0-109 fully-ile = 
performed on the plate as received for all 78 0. 0% C. fully-killed —20 
commercial heats. As-rolled tests were Alloy Steels: 
, ‘he Performed on the laboratory heats due 1.024 Gr, fully-killed 
pitas to the special rolling conditions. All of the 4- 81 13-in., 1.02% Mn, fully-killed ~90 
ond steels were tested in the normalized con- 4- 82 1g-in., 0.70% Si, fully-killed —45 
) in the as-rolled and strain -aged state, and ; 
os some steels were tested in the normalized NOTE: ? denotes insufficient data for determination of transition temperature. 
con- 


and strained, and normalized and strain- >= ——— 
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Table V 
Hardness of Steels at Low Temperatures 


of 
Steel Description Re VPN 
7N 0.10% C, Cu-Cr-Ni-P — 3.0 163 

-—3.0 163 

8N 0.15% C, Mn-V-Ti -—6.0 151 

~6.0 151 
10N 0.16% C, semi-killed -—21.0 111 
—21.0 111 
11N 0.19% C, fully-killed -12.0 133 
~13.0 130 
12N 0.24% C, fully-killed -—12.0 133 
—13.0 130 
13N 0.29% C, fully-killed 4.5 197 
4.5 197 

16N 0.16% C, rimmed —22.5 
17N 0.28% C, SAE 4130 21.5 272 
21.0 270 
19N 0.10% C, Cr-Cu-Ni —- 7.0 148 
-—7.0 148 
4-76 0.10 fully-killed -—20.1 112 
4-77 0.18% C, fully-killed -10.8 144 
4-78 0.30% C, fully-killed — 3.2 154 
4-79 1.96% Ni, fully-killed — 7.2 142 

4-168 0. 52% Cr, fully-killed 

4-80 1.02% Cr, fully-killed —15.1 123 
4-81 1.02%Mn, fully-killed -—13.1 129 
4-82 0.70% Si, fully-killed —13.5 


Re VPN Re: Re VPN Re VPN Re VPN Re Vpy 

0.5 179 3.0 190 2.0 185 7.0 208 8.C 212 4.0 495 

1.0 181 5.0 199 4.0 195 6.0 203 8.0 212 5.0 19 
—3.5 61 -1.0 171 1.0 181 6.0 203 6.0 203 7.5 
-55 183 -—1.0 171 0.0 176 4.0 195 6.0 203 6.5  % 

-19.0 115 —-17.0 120 -18.0 117 0.0 176 0.0 176 7.0 293 

-18.0 117 -15.0 125 -200 113 -—2.0 167 -—3.0 163 5.0 
-80 45 -65 150 171 1.0 181 4.0 195 7.5 219 
-7.0 48 #%—-80 45 —-2.0 167 -1.0 171 2.0 185 6.5 £ 
-12.5 132 -40 159 -—1.0 17! 4.0 159 0.0 176 3.0 
-12.0 133 -—-50 155 -—-2.0 167 -—4.0 159 2.0 185 4.0 195 

3.5 193 2.0 185 6.0 203 12.0 230 10.0 221 11.0 2% 

4.5 197 1.0 181 7.0 208 13.0 235 12.0 230 13.0 23; A= 
—19.0 5 -11.0 136 -10.0 139 -—2.0 167 -—2.0 167 7.0 20 c 
-20.0 13 -10.0 139 -11.0 136 -—3.0 163 —5.0 155 5.5 ro) 

ait 23.0 280 25.0 294 26.0 301 24.0 287 26.5 3% = 
ani 24.0 287 26.0 301 26.5 304 25.0 294 27.5 34) 3 
1185 -3.5 461 171 2.0 185 1.0 181 3.0 1% 
is9 1.5 169 0.0 176 2.0 185 3.0 190 2.0 185 
—17.0 120 -—S5.7 152 131 2.0 185 
144 -03 175 -—3.0 163 4.0 194 
1.5 183 5.2 200 1.0 182 10.0 
-$0 185 -—2.2 167 163 4.0 19% 
=—3.2 2 7.0 148 1.0 18% 
11.0 136 172 6.5 150 1.0 18% 
1.0 136 152 -—4.0 159 2.5 187 


aged state. In all welded specimens in 
which normalizing, straining and strain 
aging are involved, the operations were 
performed prior to deposition of weld 
beads. Tests were performed on plate 
specimens without welding as well as on 
plate specimens with longitudinal beads. 
For the major series, longitudinal beads 
were deposited with automatic equipment 
under standardized conditions—namely, 
175 amp., 26 v. and a speed of 6 in. per 
minute with 4/j.-in. diam. E6010 elec- 
trodes. In addition to the work here cited, 
other tests correlative to the subject were 
carried out, and are reported in separate 
papers (Offenhauer and Koopman, and 
Jackson and Goodwin,**). The data are 
given in the tables, and some results are 
plotted on the accompanying graphs. 
Table I gives chemical analyses; Table II 


tensile test results and grain size. Table 
III summarizes the results with respect to 
transition temperature and 1% contraction 
of notched impact bars tested at various 
temperatures. Table VII* lists individual 
measurements on the V-notched simple 
bend bars with and without straining, 
aging and welding, singly and in combina- 


* Table VII, giving the “Results from Slow 
Bend Tests of Notched Plate and Notched Single- 
Bead Welded Plate Specimens’’ on commercial 
steel heats, was included as an appendix to this 
lecture. Due to its great length, it is not here- 
with published, but copies may be secured through 
the American Documentation Institute, 1719 N 
St., N. W., Washington, D. C., and microfilm 
copies may be had from that source., 

Table VIIA, entitled “Charpy (Izod Notch) 
Impact Tests, Specimens Machined Longitudi- 
nally to Direction of Rolling,’’ on the same steels 
may likewise be secured In ordering, refer to 
Document 2496, remitting $0.50 for microfilm 
(images 1 in. high on standard 35-mm. motion 
picture film) or $3.90 for photocopies (6 x 8 in.) 
readable without optical aid. 


Table VI 
Vickers Hardness of Plates and Weld Zones 
Steel Plate————. —Weild HAZ**—~ 
No. Weld No. A.R.* Norm. A.R. Norm. 
16 \% in. 40 154 135 186 163 
10 44 in. 35 138 135 186 171 
1 in 89 130 124 196 189 
ll ¥% in 36 154 149 209 195 
1 in 90 148 143 244 229 
12 ¥ in 37 147 146 220 205 
1 in 91 145 138 250 245 
13 4 in 38 176 173 265 255 
lin 92 164 157 404 360 
8 4 in 34 174 162 238 217 
9 lin 88 154 146 261 255 
19 ¥ in 42 156 157 240 224 
1 in 94 156 153 259 249 
7 ¥% in 33 189 171 244 241 
24 4 in. 157 182 232 
25 Vg in. 159 175 224 wake 
17 V4 in. 41 162 198 452 390 
20 3 in. 120 174 212 495 500 
21 in. 
22 in one 
4-76 \% in 542 132 152 
4-77 % in 544 142 189 
4-78 \% in 549 152 224 
4-79 2 in 552 149 181 
4-168 in 658 142 189 
4-80 \% in 553 131 199 
4-81 \% in 557 137 181 
4-82 4 in 560 142 180 
4-117 \% in 628 154 204 


*As-received. 
**Heat- affected zone. 


—Hardness at Tempe rature-———— 
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tion. In this table, maximum load, ang! 
of bend, type of fracture, energy absor, 
tion and ratio of proportional limit 
bending to maximum load are inciud 
with lateral contraction at various te; 
peratures. A full discussion of the data; 
this table will be found in the papers + 
ferred toabove. Table IV summarizes ¢! 
results of lateral contraction me: asurement 
given in Table VII, with 1% contracticr 
as the criterion for embrittling temper: 
ture. Graphs of lateral contraction dat 
on some of the individual steels are giv: 
in Figs. 13 to 21. Hardness of all the stee 
at various temperatures to —180° C. was 
measured with a Rockwell C and reporte 
as Vickers Brinell numbers in Table | 
Maximum hardness in the weld zone is 
given in Table VI. 


Discussion of Results 


A glance at the tables or charts show 
that all of the steels exhibit ductile 
havior at some testing condition an 
brittle behavior at some other testing co! 
dition, temperature being the main factor 
with which we are concerned in this serie 
of tests. The lowering of ductility wit 
lowering of temperature is in no instance 
proportional relationship. In many of th 
steels the lowering of ductility with ten 
perature is gradual over a wide rangt 
temperature. In many others slight lower 
ing of ductility occurs as the temperature ! 
lowered until some rather narrow critica 
range of temperature is reached when the 
loss of ductility is extremely rapid with 
lowering temperature. This is 
commonly recognized phenomenon, an 
a typice ul case is set forth in Fig. 22. It's 
again amply demonstrated that the ten 
perature at which the material may & 
classified as brittle is a complex function 0! 
the rate of loading and stress distribution 
particularly restraint. Increased rate ©! 
loading increases the temperature at whic’ 
brittle behavior occurs, as does increas 
restraint. All this is summarized in F's 
23. The theory regarding it has been we! 
set forth by Ludwik.*4 
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Fig. 13—Lateral Contraction Vs. Testing Temperature, Steel No. 10. One-half-Inch 
Various Tests and Conditions 


Ludwik postulated a theory for brittle 
) failure of steels when he stated that for a 


when the stress necessary for yielding (the 
flow stress) exceeds the stress necessary 


@ 


metal is stressed below the flow stress, it 
will react elastically. As the stress is in- 
creased, the steel will plastically deform, 
and when the fracture stress is reached the 
steel breaks. If the fracture 
appreciably higher than the flow stress, a 
large amount of yielding takes place, and 
the steel is called ductile. If the fracture 
stress is as low as the flow stress, no yield 

ing takes place, and the steel is called 
brittle. By Ludwik’s concept we may also 
explain why certain metals, such as prop- 
erly annealed austenitic stainless steels, 
do not fracture in a brittle fashion under 
any conditions. Their flow and fracture 
curves do not intersect at any conditions 
duplicated in service or laboratory 

Many factors influence the value of the 
flow and fracture stresses for a given steel, 
among which are type of stress, rate of 
loading, temperature, previous strain his 
tory, composition and metallurgical struc- 
ture. The important point is that flow 
stress may be raised in many ways. 

The effect of temperature on the duc- 
tility of metals has been extensively in 
vestigated. It may be summarized in the 
statement that if the flow stress increases 
more rapidly than the fracture stress as the 
temperature decreases, then ductility will 
decrease (assuming the rate of strain 
hardening is constant). Hollomon*®® has 
shown this to be true in the case of pearlitic 
steels, and it is well established that the 
relative rate of change of flow and fracture 
stress varies for different steels. 

The relation of flow stress and tempera- 
ture may be expressed by the formula: 


stress is 


In S = K (1) 


This is basic. Key to the symbols in this 
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S = yield strength (index of flow stress) 
K, K', K", K'"’, k = constants 


T = absolute temperature for a given 
small degree of ductility 
V = strain rate 


e = base of natural logarithms 
Q = heat of activation of material 


R = molal gas constant 

Ts, Tp’ = absolute temperatures of 
brittle failure 

ln = natural logarithm 


From this we see that as the temperature 
is decreased, the yield strength increases. 
Fracture stress changes only slightly with 
decreasing temperatures, and at some 
lower temperature the S value (flow stress 


index) reaches fracture stress value. This 
is evidenced by brittle failure. At this 
point we have: 
In Sp = K (2) 
Ts 


Various investigators have shown the 
relation of temperature and velocity in 
testing. At low temperatures this relation 
is expressed in the following form: 


V = (3) 
This may be written in the form: 
1 
In Vp = K (4) 


if we define 7,’ (brittle temperature) as 
the temperature of 1% deformation. 

The identity of form of equations 2 and 4 
is to be noted. The validity of this rela- 
tionship has been checked by a number of 
laboratories, and all of this has been well 
set forth by Gensamer.** 

Again, a notch in the material to be 
tested has the effect of raising the strain 
rate at the base of the notch and, there- 
fore, should raise the transition (or em- 
brittling) temperature. A shorter span 
has the same result for a given ram 
motion. Further, sharper and deeper 
notches cause increased constraint, in- 
hibiting lateral contraction. Thus, the 


228-s 


Testing Temperature °C 


transition temperature of a given steel 
may be altered by changing the geometry 
of the notch, or if a standard notch is used 
the degree of constraint may be altered by 
changing the temperature of the test. If 
we also hold the velocity of loading con- 
stant, then we perform a test in which the 
transition temperature indicates the suit- 
ability of the steel for use under the con- 
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mercial Steel No. 8, Note: 


Fig. 17—-Testing Temperature Vs. Lateral Contraction, Com. 
0.03-In. Lateral Contraction 


1% 


ditions represented by that degree of co 
straint. 

To summarize, the log of the flow str 
is inversely proportional to the absolut 
temperature. The proportionality con. 
stant varies for different steels. It may bx 
determined by experiment. The same re- 
lation holds true for the velocity of testing 
The degree of restraint likewise involves 
functional relationship. Thus, any give 
change in condition of stress or velocity oi 
loading may be equated to a temperatur 
change to provide the same net conditi 
for brittle behavior. The magnitude of th 
temperature change for any given stress o1 
velocity change is fixed for any giv 
sample of steel, and is determined by tly 
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j proportionality constants. These con- The yield strength of Steel A increases perature levels markedly different from 
stants determine the slope of the lines, slowly as the temperature is decreased, those encountered in service 
giving In flow stress versus reciprocal while the yield strength of Steel B in- The metallographic condition is likewise 
temperature, velocity of straining and creases at a much faster rate. As the tem- an important factor for a steel of any given 
stress condition (primarily restraint). If perature of testing decreases, eventually nominal analysis. Study of the data as 
we select ordinate scales so that the slopes both steels break without yielding at 7) illustrated in Fig. 26 shows that, by and 
is plotted are identical (Fig. 24), interest- and 7». If we increase the degree of con- large, normalizing lowers the embrittling 
ing examples can be drawn. These curves straint by notching the specimen, the temperature from that of the as-rolled con- 
ire the loci of all intersections of flow and transition temperature is raised to 7; and dition. This is not necessarily true in 
fracture stress. T,, and if we now increase the speed of each specific instance. Plate in the as- 
Consider two steels, A and B, with testing of the notched specimens the rolled condition may have finer grain size 
——— \lentical tensile properties at room tem- transition temperatures are 7, and 7%, re- than the normalized plate, and may have 
perature. Curves in Fig. 25 are typical of spectively. This illustrates the importance an internal stress system with an im- 
— each of these steels, but the temperature of the interrelation of conditions for em- portant compressive component at right 
" 19 scale is compressed to the left for Steel B. brittlement, and explains the lack of angles to the notch which decreases re- 
1 Con- Further, consider the effect of decreasing correlation of service behavior with labora- straint and thus provides embrittlement at 


temperature on these steels (see Fig. 24). 
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a lower temperature. In the case of welded 
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Steel “A” 


plate there is a greater difference between 
material as-rolled or normalized before 
welding. This is shown in Fig. 27. Much 
work in the past has shown the important 
effect of grain size and of hardness. 
ures 28 and 29 show a general trend but 
lack of quantitative correlation with hard- 
Inspection of the data shows the 
same for grain size. The welding operation 
comprises, among other things, heat treat- 
The more severe this heat 
treatment from the standpoint of quench 
effect and the wider the zone under the 


Fig- 


| 
| Increased 
Veloci ty 


Increased | 
Constraint | 


bead which is so affected, the higher the 
temperature at which brittle behavior re- 
sults. This quench effect is readily appar- 
ent from the data here shown. The data 
relative to width of the zone are given in 
detail in another paper. 

Hardness per se is not necessarily the 
dominant factor in determining the tem- 
perature at which brittle behavior ap- 
pears, but for the same general type of 
microstructure embrittlement will occur at 
higher temperatures at the higher hard- 
ness levels. Figure 28 shows that, in 
general, steels of higher 
hardness levels exhibit 
higher transition tem 
peratures, but the great 
scatter of results shows 
that hardness is not de- 
termining. As the tem- 
perature decreases, the 
hardness of steels in- 
creases. Figure 29 
shows the hardness of 
steels at the embrittling 
temperature, and that 
alloy steels in general are 
harder at a given tem- 
perature level of embrit- 
tlement than are carbon 
steels. This is in line 
with results showing that 
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Fig. 26—Effect of Normalizing on Em- 
0.16% Carbon 
Rimming Steel (0.05-In. Plate, Unwelded). 
Note: 0.03-In. Lateral Contraction = 1% 
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brittling Temperature, 0.16% Carbon 
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‘evident. 


It has been well demonstrated that 44, 
embrittling temperature for steels which 
have been through-quenched and tem 
pered is appreciably lower than {, 
identical steels in the normalized or pear 
itic state; also that straining rajses th 
temperature at which brittle behavior ; 
This is not strange as top.) 
plastic deformation is limited and straining 
uses some of it. However, the effect of 
given small amount of strain, say 2°, . 
broadly of little consequence in those ste) 
which are highly ductile, but is of mai, 

importance in the less ductile steels, suc 

as those having high carbon. Aging afty 

straining further increases the temperatyy: 

at which brittle behavior results in soy, 

steels, but in others no such effect appear 

The trend is shown in Fig. 30. Norma 

izing prior to straining or strain aging ge, 

erally lowered the temperature at whic 

embrittlement occurred. This is unde 

standable in that the as-rolled specime 

probably comprised a certain degree ¢ 
strain aging as-received, which effect wa: 
eliminated by the normalizing. Thi 
difference between normalized strain-age 

and as-rolled strain-aged specimens hel 

for the welded specimens as well as fo 
those tested without welding, in most 

stances. The exceptions are in line wit! 
the observation that occasional specimen: 
of as-rolled material gave better—that js 
lower—temperatures for embrittlemen 
than did the normalized. 

Most tests for ductility give results whic! 
vary markedly, depending on whether 
the specimen is tested with or across the 
direction of rolling. This test with a limit 
of 1% deformation does not involve the 
ability of the material to undergo w 
necessarily large amounts of plastic flow 
It is only when such large amounts ar 
specified that the direction of rolling rela 
tive to the specimen plays a role. In thi 
test, direction of rolling relative to th 
specimen need not be considered as it does 
not effect the results.” 

That the nature of the steel, chemical or 
otherwise but independent of the state oi 
heat treatment and the state of rolling or 
strain, has a marked effect on the en 
brittling temperature is likewise obvious 
from the results. Considering the con 
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Fig. 28—Effect of Hardness at Room 
Temperature on Embrittling Temperature 
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mercial and laboratory steels separately, 
we note that in each series carbon plays a 
iominant role. We note further that the 
killed commercial steel of 0.19% carbon 
chows a lower embrittling temperature 
than does the rimmed steel at 0.16% 
carbon, showing the importance of steel- 
making practice. However, the basic 
fact remains that carbon is a most 
important single factor in determining the 
level of the embrittling temperature. This 
is illustrated in Fig. 31. The results in the 
loy steels likewise substantiate this con- 
clusion. That alloys have a major effect in 
improving—that is, lowering—the em- 
brittling temperature for a given strength 
level is also evident (Fig. 32). The number 
of heats available and the presence of some 
unknown factor prevent warrantable con- 
clusions with respect to the effects of indi- 
vidual alloys or alloy combinations, al- 
though the combination previously de- 
veloped for low temperature service— 
namely, chromium - copper - nickel — has 
merit beyond other compositions tested. 
It should be repeated, however, that this is 
a low strength steel, whereas commercial 
low-alloy steels are high strength steels. 
Further work may well enable a quantita- 
tive estimate of the effects of individual 


alloys or combinations, but such work 
must await the determination of that 
very important factor in steelmaking not 
as yet established. The existence of sucha 
factor is well illustrated by the difference 
in performance of the commercial and 
laboratory heats. Careful inspection of 
the analyses of the laboratory heats indi- 
cated either no significant difference in 
chemistry or, where such difference was 
indicated, check work showed that it was 
not the determinant. Obviously, there is 
no difference between laboratory and 
commercial heats with respect to carbon, 
manganese, silicon and incidental alloy 
content. Further, although the sulphur 
and phosphorus in the laboratory heats are 
lower than in the commercial heats, suf- 
ficient other work has been done, although 
not yet reported, to show that these ele- 
ments are not controlling within the limits 
here studied. The behavior cannot be ex- 
plained on the basis of aluminum or nitro- 
gencontent. The steels were not analyzed 
for hydrogen, but we have sufficient back- 
ground on similar heats to know there is 
no significant difference in the hydrogen 
content of the laboratory and commercial 
heats. There is nothing in the practice 
used for making laboratory heats to give a 


clue as to the dominant factor which re- 
sults in such low embrittling temperatures 
for these steels as compared with com- 
mercial steels. 

This difference between the laboratory 
and commercial heats is not a 
servation. 


new ob- 
The condition has existed in 
our laboratories for many years, and the 
search for an explanation of that difference 
has been continuous but without results. 
Although we have never been able to 
precisely determine that factor in the 
laboratory heats which improves their 
character over commercial heats, it should 
be noted that the procedure, particularly 
with respect to oxidation and deoxidation 
practice, differs radically from that in 
commercial heats. The use of are fur- 
naces rather than induction furnaces does 
not change the results. However, the 
laboratory heat starts out in the oxidized 
condition, is deoxidized with ferro-alloys, 
is carburized and allowed to reoxidize at 
the same time that carbon is being ad- 
justed and is finally deoxidized and tapped. 
This might be considered to be analogous 
to commercial practice using all scrap in 
which a heavy deoxidation addition is 
made and the heat carburized, reboiled 
and re-deoxidized. In spite of the differ- 
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ence in practice, we have never found any 
correlative difference in chemistry or 
microstructure of the resulting product. 

Those who have worked in this field may 
find it strange that up to this point no 
specific mention has been made of three- 
dimensional stress and of internal stress, 
each of which has loomed large in past 
considerations of the subject. Actually, 
three-dimensional stress is automatically 
incorporated in the test specimen. It is a 
major factor in restraint, and everything 
which has been said pertaining to the 
notch and its effect applies directly to the 
three-dimensional stress problem. The 
specimen does test material with a polydi- 
mensional stress pattern in the critical 
zone. The situation is not quite the same 
with respect to internal stresses. No test 
specimen smaller than a given structural 
member can incorporate internal stresses 
similar to those of the member. However, 
the effect of these stresses results from their 
being a part of the total stress pattern. 
They may provide additional tensile or 
compression forces parallel to the principal 
stress. These have little effect if the 
material deforms plastically, and are not 
determinant with respect to brittle be- 
havior. 
normal to the principal stress, in which 
case tension augments restraint and com- 
pression decreases it. The welded speci- 
mens here tested are probably too small to 
comprise any important amount of internal 
stress. 

On welding, internal stresses usually are 
relieved by small plastic deformation. If 
the design and welding conditions are par- 
ticularly severe, more plastic deformation 
is necessary to relieve these stresses. The 
test does guarantee a minimum amount of 
such deformation for the usual structural 
steels, and therefore does indicate satisfac- 
tory welding response under reasonable 
design and welding engineering. No test 
can guarantee satisfactory performance 
under the worst design and worst welding 
conditions, nor should any steel be called 
upon to meet such. 

The specimen may be tested as welded 
or after post-heating, depending on the 


service analogue. Any metallurgical 
change produced by stress relieving will 
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Fig. 33—Effect of Speed of Travel with 
Constant Penetration on Embrittling Tem- 
perature, 0.16% Carbon Rimmed Steel 
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be truly reflected, but internal stress re- 
lief would not be so reflected. Nothing in 
this presentation should be interpreted as 
lessening the important benefit of stress 
relieving 


Discussion of the Test Specimen 


In the foregoing, a simple bead de- 
posited under standard conditions was 
used. The conditions were chosen to 
parallel those encountered in deposition of 
an initial bead in multiple bead welding in 
the usual covered electrode metallic arc 
process. The beads were all deposited with 
the plate initially at room temperature, 
and no post-heat was applied. In prac- 
tice, this condition is apparently a good 
analogy to coated electrode metallic arc 
welding. However, it is well known that 
performance of a weldment may be 
modified by the selection of the particular 
electrode, the use of preheat and post-heat, 
peening and localized oxyacetylene heat 
treatment. Obviously, each of these con- 
ditions can be investigated with the speci- 
men at hand. It is only necessary to per- 
form the welding operation with conditions 
so specified as to duplicate or parallel 
those of interest. 

The importance of setting up test con- 
ditions which closely approximate actual 
welding conditions is clearly shown by the 
following. A series of welds was made in 
3/,-in., 0.16% carbon rimming steel, using 
the Unionmelt automatic welding process. 
Constant voltage (30 v.) was used, and 
current and speed were varied to maintain 
a constant depth of penetration of 0.25 in. 
The power input measured in watt-seconds 
varied from 173,000 watt-seconds per inch 
at 4in. per minute and 400 amp. to 40,000 
watt-seconds per inch at 36 in. per minute 
and 800 amp. With the slow speed, low- 
current conditions, the embrittling temper- 
ature of the welded section was 130° C. 
higher than that of the prime plate. With 
the high-speed, high-current conditions, 
the embrittling temperature of the welded 
section was only 35° C. higher than that of 
the plate. The data are plotted in Fig. 33. 
This emphasizes the desirability of using 
high speeds and high currents which are 
obtainable only in automatic welding proc- 
esses and for which the embrittling temp- 
erature of the weld approaches that of 
the plate. 

Plate thickness is known to be of major 
import in connection with performance due 
to quench effect, strain effect and segrega- 
tion, commonly known as banding. These 
factors may all be comprised in the test in 
that the thickness of the plate tested can 
and should be the same as the thickness of 
the plate intended for service. Moreover, 
as long as lateral contraction is used as the 

criterion for embrittlement, it is not neces- 
sary to change any other condition such as 
span when dealing with plates of different 
thicknesses. The results will be different, 
as they should be, in line with the thick- 
ness under consideration. The thicker 
plate on the same span will exhibit higher 
embrittling temperature. Ellinger, Bissell 
and Williams made proportionality tests on 
T-bend specimens and concluded that by 
using spans proportional to thickness the 
true metallurgical nature of the material 
could be tested regardless of the thickness. 
It is our aim to test not the metallurgical 


nature of the material alone by the 


integrated effect of material characte — 
istics under conditions of restraint 4), “a a 
velocity of loading approximating thoe. 
found in engineering structures gestee. 


If It 4 


found advisable to modify the condition. soe 
with respect to thick plate, fcr io, ee 
readily attainable specifications jt jx sug od fn 
gested that such modifidation be stricte this it 
to the single variable temperatyy, 
namely, that the temperature of tes he iain te 
modified rather than condition of restryjp, mer 
or velocity of loading. agtch 
The test itself as here set forth use failure 
speed of loading corresponding to py the te 
motion of 1 in. per minute, and this \ in the 
apparently sufficient for ‘“‘static’’ test ti 
tures. However, should greater rates , lower 
loading be expected in service, the rate 
movement of the ram may be change; perat 
accordingly without changing any oth may 
items in the specification of the test, thy necti 
taking the rate of loading in anticipate tility 
service into account. Obviously, th BB cafet 
notch may be sharpened to increase ~ ducet 
straint for materials going into structure ure W 
having unusually high restraint. Hoy certa 
ever, this may be accomplished by specify failur 
ing a lower temperature of embrittlement the 1 
and this is suggested because changing th; low 
notch also affects the stress pattern and thy ~10 
rate of loading in a way which would te H temy 
difficult to establish quantitatively nom: 
Consider, then, how the test would ty tally 
applied by engineers and manufacturer TI 
when welding is involved. The general vide 
specification would read to the effect that desi 
a specimen 3 in. wide, 8 in. long, wit! the : 
thickness the same as the plate be used for HB pote 
deposition of a weld bead by the process in sent 
question and under specified welding con- stra 
ditions. If a thick plate is involved, the iter 
bead should be deposited on a larger speci- desi 
men, which would then be cut to a 3-in avo 
width. The weld bead is to be parallel t fille 
the length and along the center of the speci stre 
men. The specimen may be strained be- iten 
fore welding. Subsequent to welding, an : hig! 
Izod notch is milled 0.05 in. deep across J pro 
the specimen, and the edges of the speci- one 
men near the notch are shaped parallel eng 
A micrometer caliper measurement ' /» in suc 
below the notch is taken on the parallel 2 
sides, and the specimen and ram head ar for 
then cooled to test temperature for an or 
appropriate time (generally hr), «de tha 
pending on the thickness. The specimet by 
is then tested in bending on a 4'/»-in. span no 
using rollers for support and a ! ,-in ure 
radius ram for loading. Only a single test str 
temperature need be used. This test all 
temperature is a matter of engineering on 
judgment, and should be related to the in- th 
tended service. For structures intended Wg 
for indoor service without low temperature in 
contents, — 20° C. appears to be consistent inj 
with other criteria applied in the past « us 
well as general engineering experience, an we 
this same temperature could well be set for th 
marine structures in which the material di 
does not reach temperatures appreciably ql 


below 0° F. (—17.7° C.). For general out- 
door service within the confines of the 
United States, —40° C. appears to be 4 
test temperature which would insure safe 
performance without undue penalty. 0b- 
viously, when buried tanks are involved, 
the temperatures suggested for 
service apply. If structures are 
used in industry for low temperature 
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processes OF to contain materials at low 
temperatures, testing at 10° C. lower than 


fhe lowest expected temperature is sug- 


vested. Specimen performance should be 
minimum 1% lateral contraction. These 
suggestions contain two types of factors of 
cafety. First, the embrittlement tempera- 
ture is set at 1% lateral contraction, and 
this in itself comprises an appreciable 
mount of plastic flow. The true transi- 
tion temperature is in all cases somewhat 
lower so that, unless an extremely sharp 
notch was already present in the member, 
failure would not be expected in service at 
the temperature of test. The second item 
in the factor of safety is found in that the 
test temperature set forth is appreciably 
lower than generally encountered for the 
corresponding service, although the tem- 
peratures of outdoor structures and ships 
may occasionally be lower. In this con- 
nection it should be emphasized that duc- 
tility in itself is no more than a factor of 


S cafety. The fact that ductility may be re- 


duced to low levels does not mean that fail- 
ure will occur. We could, of course, make 
certain that under no conditions would 


E failure occur due to the characteristics of 


the material by simply specifying a very 
low testing temperature, for example 
—100° C. for all service at atmospheric 
temperature. This would comprise an eco- 
nomic penalty of such degree as to be to- 
tally impractical. 

The test conditions were chosen to pro- 
vide an analogue to normal design, but the 
design engineer can do much to increase 
the ductility of the structure. The sharp 
notch in the specimen is chosen to repre- 
sent high stress concentration and high re- 
straint. In any given structure these 
items can be kept to a minimum by proper 
design. Most designers have learned to 
avoid sharp notches and to use generous 
fillets. It should be emphasized that 
stress concentration can result from other 
items in the over-all design, and so can 
high restraint. An engineering design 
producing such conditions is just as bad as 
one without fillets. The modern design 
engineer should learn to appraise and avoid 
such conditions. 

The test may likewise be applied to steel 
for nonwelded structures either in static 
or dynamic service, and it is suggested 
that in general this test could well be used 
by the engineering profession to replace the 
notched bar impact test. That test meas- 
ures a complex function involving both 
strength and ductility factors, yet gener- 
ally it is intended to evaluate ductility 
only. The test here presented eliminates 
those factors comprised in the general term 
“Strength.” Thus, for use in the chemical 
industry at low temperatures when weld- 
ing is not involved, a steel specification 
using this specimen without welding 
would give constant results and would tell 
the story with respect to ductility, and 
ductility alone. If welding and subse- 
quent stress relieving were used it would 
only be necessary to apply these to the 
specimen before testing. 

The importance of melting practice with 
respect to performance has already been 
emphasized. The specimen in question 
affords the possibility of checking this fac- 
tor as well as most other factors with re- 
spect to weldability on a sample cast with 
the heat and worked through to final re- 
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sults in less than 4 hr. while the ingots are 
still in the soaking pits. Experimental 
trials showed that a 2- x 3- x 12-in. ingot 
was satisfactory. After stripping and 
soaking for 30 min. at 1200° C., the ingot 
was forged, and the forged flat bar was 
cooled in air to black heat and then 
quenched to save time. All this took ap- 
proximately i hr. The bottom third of 
the forged bar was then flame cut to over- 
sized specimen dimensions, and the sides 
were shaped to final specimen dimensions 
in a machine tool. Time for this prepara- 
tion was approximately 30 min., and for 
subsequent notching about 15 min. 
When a specimen with a weld bead is used, 
approximately 10 min. is required for 
grinding or sandblasting the surface and 
depositing the bead, and this must be done 
prior to notching. It is also important to 
remember that the weld bead conditions 
for coated electrode welding are different 
from those for high-speed automatic weld- 
ing, and appropriate welding conditions 
should be used. As this is a ‘““go-——no go” 
test at a specific temperature, the bath for 
cooling and the ram head should be pre- 
pared and ready at this time. Not more 
than '/, hr. will be required for cooling the 
specimen. The test proper may be com- 
pleted in 2 min. after removal from the 
bath, and measurement of lateral contrac- 
tion is a matter of less than a minute. 
The entire time for preparation from the 
forging and testing to final result need not 
exceed 50 min. The total of the times set 
forth above is a maximum of 3hr. Allow- 
ing 1 hr. for contingencies, the 4-hr. limit 
between pouring and rolling of the ingot in 
steel mill practice is not exceeded. De- 
tails are given by Offenhauer and Koop- 
man.?% Such a test would appear to be as 
useful as the platform Jominy, but appli- 
cation and study in the steel mill are neces- 
sary before conclusions can be drawn re- 
garding this. 

It is hoped that this work will facilitate 
cooperation between the steelmaker, the 
welding engineer and the designer. The 
role of each may be inferred from the fol- 
lowing conclusions. 


Summary and Conclusions 


1. Whether or not steel in a welded 
structure exhibits ductile behavior depends 
on stress distribution, rate of loading and 
temperature, as well as the metallurgical 
condition of the steel. 

2. The criterion of ductility with re- 
spect to steel behavior is the ability to flow 
plastically under those imposed conditions. 

3. The notched slow bend specimen de- 
scribed appears to be a satisfying analogue 
to service performance when lateral con- 
traction parallel to and below the base of 
the notch is used as the measurement of 
ductility, with the test performed at the 
lowest temperature anticipated. That 
specimen is a simple beam 3 in. wide, 8 in. 
long, of plate thickness, with 0.01-in. 
radius, 45° notch 0.05 in. deep and tested 
statically at 1 in. per minute ram motion. 
It may comprise a longitudinal weld bead. 

4. The notched slow bend specimen 
with longitudinal weld bead permits varia- 
tion of welding conditions and techniques, 
comprises plate thickness and contains all 
heat-affected zones in the notched con- 
dition. 


STEELS FOR WELDED STRUCTURES 


5. It is possible to prepare and test @ 
“platform” specimen directly from a steel 
heat in less than 4 hr. from teeming to final 
result. 

6. Among the metallurgical factors, 
each of the following contributes to the 
final integrated result: 

(a) The melting history of the steel has 
great importance. 

(b) The direction of rolling relative to 
the test specimen has no effect on the em- 
brittling temperature. This may not be 
so for ballistic conditions. 

(c) Normalizing almost always lowers 
the embrittling temperature. 

(d) Carbon raises temperature at 
which embrittlement occurs for a given 
strength, whereas alloys lower the tem- 
perature at which embrittlement occurs. 

(e) Large grain size and high hardness 
tend to raise the embrittling temperature, 
but these effects are far from quantitative. 

(f) Straining embrittling 
temperature slightly, and strain aging 
may or may not increase it markedly, de- 
pending on the steel in question. 

(7. (a) Welding invariably results in 
raising embrittling temperature 

(6) Minimum effect on embrittling 
temperature results from high currents 
and high speeds of welding. 

(c) The temperature level of embrittle- 
ment after welding is higher for carbon 
steels than for alloy steels at a given 
strength level. 

(d) The temperature level of embrittle- 
ment after welding is generally but not al- 
ways higher for material welded in the as- 
received versus welded in the normalized 
condition. 

(e) Suitable heat treatment after weld- 
ing tends to restore the initial lower em- 
brittling temperature. 

8. For a criterion of service perform- 
ance, it is suggested that the specimen in 
question be used with a lateral contraction 
of 1° minimum as a limit, and that the 
test temperature for indoor and marine ser- 
vice be set at —20° C., for outdoor service 
at —40° C., and for low temperature ser- 
vice in the chemical industries at 10° C. 
lower than the anticipated minimum ser- 
vice. 
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Foreword 


HE investigations reported in this paper have been 

broadly described and summarized in the 1947 

Campbell Memorial Lecture by A. B. Kinzel.' 
The present investigation is divided into two parts— 
-art I being an evaluation of methods of test and the 
effects of composition on the embrittling temperature, 
and Part II being a study of variations in welding tech- 
nique on the embrittling temperature of the welded speci- 
mens. 


Introduction 


Many types of specimens, notched and unnotched, 
simple and complex, have been used for investigating 
weldability problems. The concensus seems to be that 
the specimen should be welded since no simple heat treat- 
ment adequately duplicates the welding cycle and also 
that a simple bead weld on a plate reproduces all condi- 
tions in a welding cycle. It is desirable to have a notch 
in the specimen to restrict the general deformation during 
testing. Thus, it appears possible that a 
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Development of Test Procedure and Effect of 
Composition’ Part I 


simple specimen may be made to combine the most 
important factors of interest in this investigation 
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Table 1—Chemical Analyses 
a : Per Cent A series of seven steels were tested 
— Aluminum in an atte -valuate » relative 
- in an attempt to evaluate the relative 
advantages of the various types of 
0 204 209° 2056 olf 0. e071 0.080 0.006 - 
2 0.084 existing specimens. The chemical 
2h 00086 0086 0.40 0.078 0.029 0.70 0.62 0.41¢0.013 0.021 0.006 - - - compositions and mechanical proper- 
gh O15 1635 0630 0.024 0.034 0.064 0.25 0.206 = 0.015 0.004 0.005 0.02% - ties of these steels are shown in Tables 
wer land 2. Charpy impact tests in the 
0.17 0.71 0.81 0.020 0.022 0.56 0.062 = 0.13 0.032 0.002 0,066 ‘ 
as-received and normalized conditions 
6 0.37 0.074 0.044 0.041 0.079 0.049 Nil - Q.012 0.005 - Nil = were made at various temperatures 
7 0043 0604 0.014 0,034 0.031 0.05 Trace 0.01 0.010 0.006 and the results are shown in Figs. 2 
7 Tes 7eTe aw 


namely: plate composition, the heat-affected zone and 


some degree of restraint. However, in all previous work 
there has been no standard size specimen nor type of 
notch. It was believed that the notched bead-welded 
specimen embraced all the elements necessary to inves- 
tigate the change from brittle to ductile failure and that 
the details of the several elements such as notch sharpness 
ind specimen size, would influence only the actual tem- 
perature at which the change took place. It was, there- 


Siore, considered desirable to develop a test specimen 


5 creased rate of loading and increased restraint. 


which would cause the change to occur at easily attain- 
ible temperatures for convenience of testing. The rela- 
tion between the selected specimen and others then could 
be clearly delineated as will be described later in this 
work. 

The three most important elements tending to produce 
a brittle type of fracture are reduced temperature, in- 
Each of 
these elements has been investigated in this program. 
Figure 1 shows graphically the effect of various factors 
on the brittle behavior of a typical steel. 
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Fig. 2—Effect of Testing Temperature on the Impact Resistance 
of Steels Nos. 1 to4. As-Received, Charpy Keyhole 
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EFFECT OF COMPOSITION ON WELDABILITY 


through both the high and low values. 
It was observed that some of the steels 
showed a sharp drop in energy absorp- 
tion as the temperature was decreased and that the cor- 
responding fractures changed from shear to cleavage 
type. However, some of the steels, such as No. 2 and 
No. 8, showed a gradual decrease in toughness with de- 
creasing temperature. 

Therefore, an arbitrary decision was required to desig- 
nate the transition temperature. It was observed that 
the maximum slope generally occurred at approximately 
10 ft.-Ib. and this value was used to designate the transi- 
tion temperature. Based on the average values, the 
following transition temperatures were found: (See table 
at top of following page). 

These results indicated that the longitudinal and trans- 
verse specimens showed about the same transition tem- 
peratures despite some rather large differences in energy 
absorption in the ductile range. The vee-notch speci- 
mens showed higher transition temperatures than the 
keyhole specimens, as would be expected. It was also 
observed from the curves that the vee-notch specimens 
showed a larger difference in energy absorption between 
the shear and brittle conditions than did the keyhole 
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——Transition Temperature, ° C.—— - 


— ———Charpy (Keyhole Notch) ——Charpy (Izod Notch)— 
As-Received Normalized As-Received Normalized 
Steel No. Long. Trans. Long. Trans. Long. Trans. Long. Teens 
2 — 85 — 100 ee 
3 —70 — 100 


— 50 


specimens. Normalizing lowered the transition tempera- 30,000 watt-sec. per inch—-100 
tures substantially in practically all cases. minute 
To introduce the effect of welding, bead welds were 51,000 watt-sec. per inch—200 amp., 32 v., 7 


amp., 30 v., 6 in ve 


(°/9 1M. pe 
deposited using E6010-type electrodes on 12-in.-square minute 
plates in both the as-received and normalized conditions Test specimens, 1 in. wide by 12 in. long, were notch: 
with three different welding techniques as follows: : 


transversely to the weld. Specimens were prepared wi} 
two types of notches machined through the center of th 
weld bead. One notch, */-in. wide with square edge 


20,000 watt-sec. per inch—-100 amp., 30 v., 9 in. per 
minute 


Table 2—Mechanical Properties of Steels Used in Preliminary Tests 


As-iiece ived-Longitudinal 


Steel Lb.Per Sq.In. # El,in Red. Ft-Lb. Charpy Keyhole at “°C. Ftelb. Charpy lzod a’ 
No. Type ¥. S. 1. S. 


1 0.09 Cu-i 54,000 72,300 34.6 65.8 35.5 20.5 


13.0 4.5 3.0 


2 0.09 Cr-Cu- 59,000 80,900 34.6 1.8 54.0 28.5 35.0 15.0 3.5 
Ni-P 


Mn-V-Ti 


59,000 83,600 


0.17 Cr-Zr® 51,800 84,000 32.0 66.2 10.5 32.0 18.0 


Plain C 37,200 67,200 3he6 64.6 28,5 12.0 5.0 29.0 lv 6.0 


0.27 Plain © 37,200 67,200 34.6 60.3 25.5 3.5 


31.0 7,0 


on r 


0.18 Cr-Zr 51,900 94,200 28.3 55.8 26.5 10.5 8.0 


5.0 23.0 11.0 5.0 
Normalized-Longitudinal 


Cu-P 


60,700 74,200 


52.3 
49,150 83,600 33.5 66.5 53.6 26.3 17.3 


24.2 


Cr-Cu 
Ni-P 


0.15 Mn-V-Ti 63,450 81,850 32.2 69.0 59.5 61.6 27.0 


2.0 


0.17 Crezr® 48,300 85,500 32.0 66.3 35.3 33.8 29.0 10.3 4.3 


Plain C 45,400 67,200 38,6 63.8 34.5 24.0 14.0 10.0 3.0 


74.0 32.0 21.0 11,0 


0.27 Plain C 45,700 66,100 38,0 61.0 30.0 13.0 15.5 11.0 3.0 41.0 12.0 


en 
R 


0.18 CrezZr 58,100 82,650 3.6 69.4 42.0 35.8 20.0 15.0 5.0 


#Steel No. 4 had been cross-rolled. 


85.0 43.0 33.0 28.0 10 


As-Keceived Transverse To Holling Direction 


1 0.09 Cu-P 51,800 73,150 32,0 55.7 


2 0,09 Cr-Cu- 60,850 80,000 32.0 5h.7 
Ni-P 


0.15 Mn-V=Ti 60,400 83,600 26,0 36.4 


0.17 Cr-Zr® 50,500 84,500 32.0 68.5 


38,100 66,750 55.8 23.0 16.4 10.5 12,0 7.5 22.5 6.0 
0.27 Plain C 40,900 67,200 34.3 52,018.0 12.0 7.0 3.5 15.5 5.0 


eon Fr 


52,700 93,600 27.3 53.0 29.0 18.0 16.0 8.5 6,0 20.0 9.0 5.0 


Normalized-Transverse to Rolling Direction 


Cu-P 


Cr-Cu- 
Ni-P 


Mn-V-Ti 


0.17 Cr-Zr* -- 


Plain C 45,400 68,550 Bho6 53.4 26.2 19.0 11.0 7.0 5.5 26.5 15.0 9.0 


0.27 Plain C 44,700 66,100 35.3 5408 25.5 13.5 10.5 8,0 


26.0 13.0 


eon oc 
nN 
LS) 


0.18 Cr-Zr 47,900 82,250 33.3 62.5 33.0 28.5 2.0 10.0 16.5 
Steel No. 4 had been cross-rolled. 
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46.0 25.5 26.5 18.5 5.0 


> 
BT able 
6 —20 —25 —40 —40 0 0 —20 
—10 —20 —15 +10 +15 0 
8 —35 —40 —65 —65 —10 0 —50 
ray = adial, A 
* 
adial, 
od, 
| 
dial, 
= 
—— 
31.3 68.7 58.0 28.5 9.5 9.5 3.5 Milled, 
1 0.09 23.7 10.5 Wile 
2 0.09 asia 
£ 
Wille 
ville 
1 0.09 -- -- 
8 
| 


— Steel No. As-Roceived 
5 $1,000 276 226 44 64 
—~ able 3—Results of Notched Bend Tests of Transverse Welds 
and Base Metal Specimens 51,00 Le 
lized 
T Milled Noten = 3/32 ins Wide, 1/32 in. Below Plate Surface 60 3 69.5 
Tans Noteh - 1/8 in. Kedius, 1/32 in. Below Plate Surface 63,00 = = & 
al Plate in As-received Condition 1 B51 17 
Angle of Bend at of the Energy 
20,000" 51,000 2,000 $0,000 $1,000 20,000 30,000 51,000 
Stee] No. 1 Sase Metal 
tiled. 54 710 
B is Steel Nos Melos with Heenforcement Hemoved t 
tee 
G m0 715 725 WO 101 102 
is 52 $2 None lone G 625 7H 710 us 101 9 
IN, py % 52 OG 737 716 486723) «(0S 
Stee) No. 1 Welds with Reenforcement Retained 
note! 6 G G G 6% 683 733 % 
UCT E 42 G G G 725 «729 102 103 ve Boe — fs-rece ived 
re | 1, © «0 None None G 76 700 733 100 102 
43 A 
CT oO] Stee) Yo. 2 Base Metal 
led, 860 
adial, 58 611 46 8 
Steel No. 2 Welde with Heenforeement Removed 83, 24 ok 15 n 
led, Al 42 3 800 633 538 92 73 62 
50 G a $25 603 70 72 210 $0 6890 at $33 48.5 
ial. A $2 50 $2 G None G 035 00 788 75 107 ve 64) 40 49 
al, G ° “one 618 833 872 wl 102 108 
Steel No. } Normalined Before Welding 
Th" Steel No. 2 Welds with Heenforcement ained 
46 32 MG Me 541 380 2 6 $420 
y 38 75 588 397 78 46 
ia G one 16 08 97 110 1,00 038 32-5670 48 bt 
44 5 G None 745 640 840 75 104 e076 5 69 
Steel Base Metal 9 343 é 
48 647 
56 Steel 3 Normalized We “ 
al, 56 643 
83,000 253 $4, 50 52 G t 
Steel No. 3 Welds with Reenforcement Removed 3460 46 
MG 44 447 559 él 61 
56 © G 4 465 564 72 8? 90 8 
2 733 68 8 103 96 
0 3 me 658 600 77 des el 4 = As- 
Steel No. } Welds with ieenforcement etained 51,000 
“4 44 G Ale Mes 395 437 “7 é 
A 48 38 3 3 G 721 710 1 la 160 
adial, WN 52 40 od None G 683 668 685 106 107 106.5 
Steel No. 4 Sase Metal — es 
None 674 
$8 825 83,00 238042 OP 4 4 
Steel No. 4 Welds ement Renoved 8110 4 
54 4 A A 520 645 % 6 7% - rmali i Be £ 
4 54 78 075 602 46 8 
Steel No. 4 Welds with Reenforcement Retained 4 
Milled, AR 48 48 50 A A A 22 39 37 78 45 
Milled, §2 56 52 A 405 75077 54 as 
adial, Al bb 32 A None 523 850 700 60 8 4 
ul, 52 32 G . A 87799 «6868761 7 86908 95 
‘eat input in watt seconds per inch of weld. 83, 267 A 
~ Aoruplay; G = Gradually; MG = abruptly part way through specimen and then gradually. ” " " 1 6 
: Table 4—Results of Tee-Bend Tes late. 
Hard. 
Heat. Input Sng sive fond forse Was milled with a standard milling cutter to a depth of 
~ 1/2 in. below the plate surface, whereas the other type of 
he-received notch machined to the same depth had a '/,-in. radius. 
2 333 At this depth the bottom of the notch was in the weld 
adh ‘is metal about 0.01 in. above the fusion line. Similar 
9790 G 540 “9 specimens were machined from unwelded plate for com- 
410,000 199 30 «6790 G 870 79 parison. 
” 9 7 ‘ 
1 ding The specimens were bent as a centrally loaded beam on 
a 9-in. span. Readings of load, deflection, and angle of 
1, 40 oa 510 40 G “Ged . 
590 40 $95 bend were recorded at stated intervals, and load deflec- 
aug G 77 7065 tion curves were plotted. A summary of the results 
" 1270 48 3 316 7 ‘ aw P > 
ne ' / ; obtained is shown in Table 3 and it may be seen that the 
5 ) 7 6530 52 G 
“tan. 8545 type of notch used in these specimens was not severe 
. 1948 EFFECT OF COMPOSITION ON WELDABILITY 237-s 
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Fig. 4—Effect of Testing Temperature on the Impact Resistance of Steels Nos. 6 to 8. As-Received, Charpy 


Keyhole 


3/,-In. Leg 
Table 5—Tee-Bend Tests of Specimens Machined from 6020 60 Small Crack (018 
2-In. Thick Plate of S.A.E. 1020 and 1030 Structural Steels 


1/,-In. Leg 7 
6750 56 Cracked !/; way 103: 
Energy through 
Max. Load, Angle at Type of Absorbed, 
Lb. Max. Load, ° Fracture Ft.-Lb. Machined 45° Angle Fillets with Notch of '/g In. Radius and - 
In. Depth at Edge of Fillet 
S.A.E. 1020 STEEL 1/,-In. Leg 
Machined 45° Angle Fillets 4960 60 A 008 + 
1/,-In. Leg Leg 
5100 48 A* 5270 56 A Hil ‘ 
5540 48 A 3/,-In. Leg 
Av. 5320 48 683 5670 = A - 
5/.-In. L Machined 45° Angle Fillets with Notch of '/g In. Radius and’, 
mn ae 60 A In. Depth at Edge of Fillet 
5780 52 A 1/,-In. Leg 
Av 5550 56 725 vee : 
s-In. 5370 36 A 
5 60 ; 
5440 64 A */s-In. Leg 
- 5570 36 A 


S.A.E. 1030 STEEL 


Machined 45° Fillets with !/. In. Radius at Bottom of Fillets 


1/, In. Radius 


4490 64 N 
4530 64 None 1900 o A 
5 Leg 
Av. 4510 64 813 7580 60 A 
5/1, In. Radius 3/,-In. Leg 
5390 52 None 7900 64 A rhs 
4915 60 N ; 
= 1/,-In. Leg 
Av. 5152 56 964 8600 60 A 612 
*/s In. Radius Machined Radial Fillets 
5100 64 None 
In. Radius 
Av. 5105 64 981 5/16 In. Radius i 
1/, In. Radius 6960 64 A 1190 : 
5700 68 None 977 3/, In. Radius 
Machined 45° Fillets with 1/, In. Radius at Bottom of Fillets i 64 A 
1/, In. Radius 
"/eIn. Leg 7700 64 A 046 
5700 64 None 955 scat 
5/,s-In. Leg *A. Abrupt failure. 


5650 60 None 960 
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I table 6—Results of Notch Bend Tests of Transverse Bead- 


I Welded Specimens, 1/.- by 3 by 9 In., Tested at Various 


Table 6 (Cont 


inued 


Tot. 
Along Center o eld. ix-inc pan Testing Load Max. Load Type of Absorbed Contraction « 
Cc. Lb. Degrees Fracture Ft-lb. Inches 
ota 
Tenp. of Max. Angle at Energy Tateral Welded Steel - @ 
Test - Load Max. Load Type of Absorbed Contraction = 
Degrees Fracture Ft-lb. Inches +100 13 ,000 21 AZ 660 0.032 
a 12,700 20 A2 612 0,032 
Unwelded Steel - 6 
SS + 23 13,200 a Bl 504 0.025 
+l 8,600 hd A2 456 0.079 13,200 20 Bl 468 0.029 
8,700 45 A2 520 0.085 
- 50 1, ,000 18 cl 412 0,020 
oe 9,800 49 B2 LB 0.073 1,700 20 cl 516 0,018 
10,000 50 B2 0,076 
= 75 14,200 1s c 440 0.017 
-10 9,4,00 Lo c2 31,0 0.070 14,300 20 0.016 
10,100 50 C2 14,28 0.066 
-120 ,400 13 C2 108 0.009 
-% 10,200 43 332 0.057 1, ,400 c2 108 0,010 
9,800 45 c2 360 0.055 
14,000 C2 70 0.006 
- 75 10,400 C2 0.061 14,200 7 C2 60 0.005 
10,600 47 C2 2050 
-1220 8,100 5 C2 60 0,007 
9,300 22 C2 22 0.027 
Welded Steel — 6 
+100 9,500 32 Al 852 0.05 
9,700 32 Al 864, 0.056 
+23 10,100 35 Bl TL 0.046 Table 6 (Continued)—Results of Notch Bend Tests of 
10,000 34 BL 690 0.05 Longitudinal Bead-Welded Specimens, '/,-by 3 by 9 In,. 
io 10,800 38 Cl 5% 0.032 0.03 In. Radius, 0.050 In. Depth 
10,400 2) cl 54,0 0.027 Six-Inch Span 
Total 
@ 75 9,000 3 C2 m2 oan Temp. of Max, Angle at Energy Lateral 
70 5 = 252 taceata Testing Load Max, Load Type of Abso rbed Cont rec- 
~120 9,800 5 C2 LO 0.004 Cc. Lb. Degrees Fracture Ft-lb. tion - In. 
10,800 2 C2 24,0 0.006 
Welded Steel No. 6 
Unwelded Steel 7 
+60 8,350 cl 0.08 
#100 9 00 27 A2 396 0.078 135 30 35 3 
94600 29 +23 8,930 30 cl 250 0.047 
+23 10,20 264, 0.063 
97500 0.088 +23 9,600 33 cl 278 0,062 
10,4,00 296 0.060 +10 8,610 19 C2 146 0,029 
10,600 31 c2 296 0.054 ® 9,550 29 es 2% 0.053 
= 30 10,200 C2 256 0.048 
10,000 32 02 a 0.047 -20 8,000 12 c2 92 0,015 
= 75 9,600 1% 0.029 -30 7,200 C2 64 0.013 
156 0,02 
7,200 9 c2 68 0.012 
-L20 10,700 a C2 86 0.013 
18,600 7 C2 BL 0,012 -60 7,000 6 c2 60 0.007 
“Welded Steel - 7 Welded Steel No. 7 
+100 9,800 22 Al [A] 0.045 +50 9,280 19 Cl 312 0.072 
9,700 26 Al 816 0.018 
+23 8,500 21 cl 162 0.033 
+ 23 10,500 33 Cl-31 592 0.041 
11,100 30 BL 660 0.044 +23 9,200 a cl 17 0,035 
11,800 30 C1 548 0,030 
124900 0.028 +10 9,100 21 c2 170 0.036 
- 75 10,500 21 321, 0.021 9,550 23 C2 184, 0.036 
> 022 
-20 8,150 2 c2 96 0.020 
11,700 160 0.04, 
11,800 160 0.022 -30 8,150 n c2 88 0.019 
Unwelded Steel - 8 -60 8,000 6 c2 50 0.010 
+100 12,000 25 a2 36h 0.062 Welded Steel No. 8 
12,200 25 A2 360 0.060 
+100 11,000 ls A2 286 0.057 
+ 60 12,200 25 A2 380 0.059 
12,200 26 a2 392 0.060 + 50 10,900 13 Bl 252 0,058 
ails 12,700 28 c2 316 0.042 2 10 u cl 108 0,027 
12,700 26 c2 304 0.044 
-10 12,300 ose + 23 11,800 13 cl 146 0.028 
42,200 19 c2 192 0.025 + 10 11,800 10 c2 106 0,018 
= 30 13,000 23 c2 232 0.027 
12800 2 2h 11,200 c2 116 0.019 
-~ 75 12,400 15 c2 156 0.021 -10 11,300 12 c2 134 0.018 
— -20 11,550 c2 134 0,013 
12,000 c2 60 0,010 
12°200 40 0.008 - 60 12,000 6 c2 65 0.006 
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Fig. 5—-Effect of Testing Temperature on the Impact Resistance of Steels Nos. 6 to 8. Normalized, Charpy 
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enough to develop clear-cut differentiations in their 
behavior. 


Tee-Bend Tests 


Welded tee-bend specimens were made with E6010- 
type electrodes and standard welding techniques. Speci- 
mens were tested at room temperature and the energy 
ibsorption was recorded as shown in Table 4. None of 
the specimens tested in either the as-received or normal- 
ved condition absorbed 1100 ft.-Ib. which has been sug- 
gested as a criterion of toughness.* Tee-bend specimens 


NSVERGE| were machined from 2-in. thick plates of S.A.E. 1020 
+t | steel. Machined specimens having 45° fillets with !'/,- 
+ and °/s-in. leg dimensions and radial fillets of from '/,- 
TT to '/,-in. radius were tested. The test results are listed 
TT) in Table 5. The specimens having 45° fillets with a 
“+100 sharp junction at the fillet edge and a leg dimension of 
E C */. in. attained a maximum energy absorption value of 
harpy 781 ft.-Ib. and an angle of bend of 62° at maximum load. 


All the specimens broke with an abrupt fracture. 

In the case of machined tee-bend specimens having 
radial fillets, the maximum energy absorption was 98] 
it.lb. for the */s-in. radius fillet although no failures 
occurred in any of these specimens. The energy absorp- 
tion value for a specimen having '/»-in. radius fillets was 


j 


Table 7—Chemical Analyses 


slightly less than that for the specimens having 
fillets. 

Similar tests made on S.A.E. 1030 steel indicated a 
maximum energy absorption of 750 ft.-Ib. with 45° fillets 
having a */;-in. leg dimension and '/s-in. radius at the 
fillet edge, and a maximum energy absorption of 1292 
ft.-lb. in the case of the */s-in. radial fillets. All of these 
specimens failed in a brittle manner. 

Another series of tee-bend specimens were tested over 
a range of temperatures. Specimens machined from 2- 


3/,-in. 


in. thick plate of S.A.E. 1025 steel and specimens pre- 
pared from welds made in plates cut from the outside of 
the same 2-in. plates were tested at temperatures from 
room temperature to —183° C. The transition tempera- 
ture was —135° C. for both the welded and unwelded 
steel. The transition temperature was defined as that 
temperature at which the angle of bend at maximum 
load was 15°. This figure was chosen because subse- 
quent tests (to be described below) with notched speci- 
mens indicated that an angle of bend of approximately 
15° on a tee-bend specimen corresponded to 1% contrac- 
tion along the fractured face. On the basis of this defini- 
tion the following transition temperatures for some of the 
steels tested were as follows: Steel No. 6, el 
steel No. 7, —125° C.; steel No. 8, —85° C. 

The data seemed to indicate that the tee-bend speci- 
men was a low-restraint type specimen which necessitated 


— 135° 


No. Per Cent 
of Aluminum 
Steel C Mn Cu Ni_ Sol. Insol. N Ti V Zr 
COMMERCIAL STEEL HEATS 
Plain Carben Steels: 
bet | | 16 0.16 0.45 ¢0.01 0.014 0.038 0.0560.14 O11 - 
Sa 10 0.16 0.40 0.01 0.025 0.027 0.064 0.025 trace - 0.006 0.011 0.0039 - - - 
NSVERSE ll 0.19 0.62 0.18 0.035 0.030 0.039 0.021 " ~ 0.003 0.009 0.0042 - - - 
Se 12 0.24 0.39 0.16 0.021 0.027 0.037 0.023 bad => 0.003 0.002 0.0042 = = = 
13 0.29 0.89 0.25 0.022 0.032 0.029 0.026 0.038 - 0.008 90.003 0.0025 - - - 
+100 
Low Alloy, Structural Steels: 
aTPy 3B 0.15 1.06 0.19 0.026 0.026 0.054 0.11 0.068 0.012 0.004 0.007 0.0039 0.009 0.02% - 
3c 0.14 1.07 0.21 0.030 0.026 0.054 0.11 0.091 0.016 0.007 0.009 0.005 0.01 0.035 - 
19 0.10 0.65 0.23 0.013 0.031 0.68 0.48 0.61 _ 0.050 0.002 0.0056 = - aad 
— 2B 0.10 0.61 0.29 0.13 0.031 0.57 0.64 0.31 0.037 0.045 0.004 0.0042 ~ ~ - 
| 2, 0.14 0.67 0.82 0.019 0.030 0.56 0.080 0.057 0.019 - - ~ ~ - 0.018 
25 0.095 0.62 0.85 0.026 0.040 0.61 0.078 0.038 0.018 = = = - = 0.024 
Alloy Steels: 
17 0.28 0.51 0.25 0.028 0.022 0.92 0.05 0.083 0.26 0.030 0.007 0.013 = > = 
| 20 0.30 0.85 0.21 0.018 0.013 0.60 0.11 0.56 0.24 0.035 0.004 0.009 - - - 
21 0.44 0.95 0.26 0.025 0.03 1.01 0.03 0.04 0.19 0.042 0.002 0.004 ” _ = 
1 22 O.41 0.65 0.31 0.017 0.014 0.78 0.08 1.78 0.27 0.040 0.004 0.016 - - o 
EXPERIMENTAL STEEL HEATS 
Plain Carden Steels: 
4-76 0.10 0.42 0.14 0.008 0.028 - = = 0.142 0.010 = - - = 
4-77 0.18 0.56 0.25 0.011 0.028 - - 0.160 0.015 - - 
4-78 0.30 0.54 0.19 0.011 0.032 - - - - 0.158 0.016 ~ - - - 
Alloy Steels: 
| 4-79 0.08 0.48 0.21 0.013 0.030 - 1.9% - 0.131 0.014 - - 
4-80 0.08 0.51 0.24 0.013 0.0291.02 - - - 0.013 - - - 
4-81 0.08 1.02 0.23 0.013 0.026 - - 0.142 0.013 - - - 
rpy 4-82 0.08 0.51 0.70 0.012 0.028 > 0.123 0.014 = 
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TESTING TEMPERATURE - °c 
Fig. 8--Angle of Bend at Maximum Load for 1'/s-In. Wide Notched Base Metal and Transversely Bead. 
Welded Specimens Plotted vs. Temperature of Testing; 0.01- and 0.03-In. Radius Notches 
—.) unwelded 0.03-in. radius welded 0.03-in. radius A unwelded 0.0l-in. radius [] welded 0.01-in. radius 
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Fig. 9—Values of Lateral Contraction of 1'/.-In. Wide Notched Base Metal and Transversely Bead-Welded 
Specimens Plotted vs. Temperature of Testing; 0.01- and 0.03-In. Radius Notches 
O unwelded 0.03-in. radius X welded 0.03-in. radius A unwelded 0.0l-in. radius [) welded 0.0l-in. radius 
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Fig. 10—-Angle of Bend at Maximum Load for 3-In. Wide Notched Base Metal and Transversely and Longi- 
tudinally Welded Specimens Plotted vs. Temperature of Testing; 0.01-In. Radius Notch 
© unwelded welded transverse A welded longitudinal 
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the use of inconveniently low temperatures to induce a 
brittle fracture and provided no readily prepared speci- 
men from unwelded base metal for comparison. 

Notched specimens of the plate metal in the as-received 
condition and of bead-welded specimens 1'/, in. wide 
were subjected to bend tests in a jig having a 6-in. span 
which was expected to produce a more severe loading 
condition than the 9-in. span used on the previous speci- 
mens. The bead welds were made transversely to the 
direction of rolling by the open metal are process using 
i145 amp., 26 v. at 8 in. per minute (28,000 watt-sec. per 
inch). A 5/-in. diam. E6010-type electrode was used. 
The welds were notched through the center of the welds 


Lb. Per Soe Ine El. in Red. 
____Deseription _ Condition Y. P. Ult. Str. 1-1/2 i of Area 
are 
ine, 0.16% C, rimmed 32,700 57,300 390k 
= 41,6 60, 
5 
1/2-in., 0.163 C, semi-killed A.2. 36,800 58,150 40.0 6765 
" 40,450 57,700 41.3 7001 
leine, 0.15% C, semi-killed AR. 33,450 53,950 49.7 68.3 
° ‘s N 35,000 6, 0 4 69 
| 
| L/2-in., O.19% C, fullyekilled A.R. 39,550 67,200 3407 
” " 47,200 68,6 ” a7 
0.19% C, fully-killed 33, 61,800 6 Le 
42,25 07 37-3 67 
min., 0.244 C, fu -killed A 36,300 63, 6K 37-3 2e 
- » fu killed 45,400 400 
48, 80, 900 2 
wine, 0.29% C, fully-killed A.R. 49,500 78,200 ? 
ad N 44, 80,000 3 1 
4 
4 
15% « 92_400 
—+— ine, -Ti 49,100 73,60 
400 «(72,7 
mine, 0.14% C, 42,250 9,500 71 
| 
+100 “ins, » Cr-ii-Cu 
led l-in., 0.19% C, Cr-liiecu 41,150 »400 IB 4 
L/2min., 0.10% C 57,700 79,550 34.0 67.7 
N 48,200 78,200 6.0 730k 
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7 117,200 2 493 
l/2-in., A 49,1 76,000 3 Le 
96,300 130,900 2 
i/2min., 0.44% C, 414 1ls,100 152,250 bho2 
1 ° " " " 121,800 160,000 43 
Cy SAE. 4342 AR 123,600 161,800 
" 136,300 180,450 2 
C, fully-killed WwW 40,000 54,500 46.6 7ho2 
N bby 5 5,400 40.6 65. 
" 50,900 74,500 3406 61.4 
Steels: 
4-79 1/2ein., 1.96% Ni, fully-killed N 53,000 63,600 40.0 71.2 
0.524 Cr, N 40,200 60,000 40.3 3 
= 480 1.02% Cr, * N 44,500 60,000 43-3 77.7 
+100 il 1.02% Mn, N 47,200 60,000 41.3 74.8 
“a 0.70% Si, * N 47,200 61,800 41.3 72.9 
i- *Flat tensile specimen. 


Note: desults shown are for single tests on the experimental steel heats. 
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Table 9—Charp 


Machined (Izod Notch) Impact Tests, Specimens 


ngitudinally to Direction of Rolling 


Energy Values 


Temperature Energy Values Steel Normalized 
of Testing Steel As-Received in Plate 


COMMERCIAL STEEL HEATS 
Plain Carbon Steels: 


0.16% C, Rimmed Steel 16 


+80 123, 147 
+60 116 
+40° 14 
+23 63, 117, 58, 48, 49 114, 136 
+5 67 

& 
» 23 
-20 10 
5 a5 ll 
-78 4, 4 ’ 3 


1/2-in., 0.16% C, Semi-killed Steel - 1 


+80 156, 171 
+60 155 
+40 145, 167, 
+23 145, 47, 104, 39, 46, 117, 88, 75 0, 171 
+10 27 
9) 10, 13 25, 43 
=-10 ll 13, 15 
-20 5, 6 » i2 
5 7 
3, 4 
1/2-in., 0.19% C, Fully—killed Steel - 11 
+80 105, 113 be 232 
+2 128, 95, 61, 1l4, Ls 
+10 119 1l4, 128 
0 85 
-L0 35 
=20 10 
-30 7, 6 23, 35 
~40 - 13, ls 
-78 3 ds 3 
1/2-in., 0.24% C, Fully-killed Steel - 12 
+80 124, 133 
+23 121, 74, 119, 126, 128 134, 149 
+10 73 
ig 116, 148 
-10 5 % 
19, 21 
-30 Sy 4 6, 12 
4 3 
0.29% C, Fully-killed Steel - 13 
+80 100, 153 
+23 %, 92, 105, 95, 3, 
+10 Re 
0 89 63, 80 
=-10 61 106, 82 
=-20 23 16, 22 
-30 10, 9 6, 6 
-78 by, & » 3 
Low Alloy Structural Steels: 
1/2—in., O.15% C, Mm-V-Ti Steel 3P 
+80 175, 202 
+23 186, 1,0, 175, 203, 164 184, 212 
=30 160, 122 189, 215 
0 152, 130 
6 183, 210 
-~60 10 
-78 6, 6 ll, 140 
-100 4, 6 
lein.e, 0.14% C, Mn-V-Ti Steel - 3C 
+80 155, 170 
+23 159, 166, 162, 154, 203 200, 128 
+10 137 
145 
-10 150 
-20 138 
- 30 16, 7 
- 40 204, 123 
= 50 152, 159 
- 60 29, 30 
= 78 5, 5 16, 15 
— 7, 8 
-120 5, 5 
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Table 9 (Continued) which 


wMergy Values 
Temperature Energy Values Steel Normalized Bens. 
of Testing Steel As-Received in Plate Keyhole No in. Tat 
_ Ft-lb. nergy Values nergy 
COMMERCIAL STEEL HEATS of Testing in Plate in Blanks in Pla the su 
Low Alloy Structural Steels: 
EXPERIMSITAL STEEL HEATS n 
Cy Creiiincu = 19 Plate) teels: 
179, 187, 176 189, 220 Plain Carbon Steels: than 
- 30 160, 167 peci 
= 50 196, 205 0.10€ C, Fully-killed - Heat No. 4-76 specin 
78 146, 146 those 
=L0O 60, 65 + 23 159 180 63 rhe 
20 8, g = 40 34 145 
-180 4, 5 5, 5 3, & specil 
l-in, 0.10% C, Cr-Ni-Cu Steel - 19 4 3 
23 2 00 
- 30 no, 0.18% C, Fully-killed Heat No. 4-77 define 
50 +2 86 106 it wi 
te 43 i! 
- 60 24, 40 
-,78 23, % 18, 20 12 the 
-120 5 l 4 7 17 as 
3, 3 5 occu! 
Mey Voile Steel » 2B ot t 
211, 202 0.30% C, Fully-killed Heat No. 4-78 
+ 60 204 ves 
¢ AC 136 = Stou 
BB, 52, 50, 33, 74 172, 219 10 tion 
- 30 4, 8 32, 162 
a 12, 13 ~160 3 3 ener 
9 3, 3 Alloy Steels: exht 
L/2mine, C Steel 1.96% Ni, Fully-killed - Heat No. 4-79 A 
the 
23 128, 138, 147, 149 149, 161 ame 
0 16, 24, 44, 118 136, 168 1 20 88 2 
40 3 5 5 -120 11 ll 28 ser\ 
4 >» -140 “9 or 
1/2—ine, 0.10); C Steel 25 ~180 3 Lat 
174, 181, 210 163, 188 0.52% Cr, Fully-killed - Hest No. 4-168 ser 
- 2 10, 77, 155 82, 187 Ib. 
30 38, 51, Ol 40 89 tiot 
- 40 «60, 0 10, 83 - 13 
int 
wh 
dec 
vy Sehebe 4130 Steel 17 1.02% Cr, Fully-killed - Heat No. 4-80 ita 
+ 80 Tl, 66 56, 66 ie 
50 25, 26 28, 28 
23 19, 19, - 60 155 
0 5, 5 
30 4, 4 
- 76 6, 6 


1/2-in., 0.30% C, N.=. 8730 Steel - 20 


+ BO 735 66 52 54 

+ 50 42, 36 31, 32 1.02% Mn, Fully~killed - Heat No. 4-81 

is, 18 +2 130 


ls 


7 
3 


0.70% Si - Heat Ne. 4-82 
107 
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“126 
-180 
& 8 10 = ze 
4, 3 5» 6 -110 27 
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a +100 lu, 13 13, 15 23 57 
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og -100 20 5 
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-180 3 4 
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which were across the middle of the 1'/:-in. wide speci- 
mens. Two different notches were tried, namely, 0.03- 
» radius, U-shaped and 0.01-in. radius vee-shaped 
came radius as the Izod notch), both cut 0.050 in. below 
the surface of the plate. 

The results of these tests are shown graphically in Fig. 
s. In practically all cases, the curves for the welded 
-teels were to the right of, that is, at higher temperatures, 
than those for the unwelded steels. The curves for the 
specimens having the 0.01-in. notch were to the right of 
those for the specimens having the 0.03-in. radius notch. 

[he selection of a particular temperature to be used as 

vn index of the performance of the various steels and 
specimens Was considered at length. Luther, ef ai., 
suggested two definitions of the transition temperature. 
lhe first, used only in conjunction with the Charpy bar, 
defined transition as corresponding to that temperature 
:1t which there appeared the first evidence of brittleness 
in the fracture. The second, used in conjunction with 
the nick-bend specimens, defined transition temperature 
as corresponding to that temperature at which there 
occurred change from a B- to a C-type fracture (Fig. 16). 
These investigators attempted to use the inflection point 
of the curve relating testing temperature and energy 
absorption, but found this criterion unsatisfactory. 
Stout and co-workers‘ stated that the so-called ‘‘transi- 
tion temperature’ could be a provokingly elusive value. 
In their investigations they defined the transition tem- 
perature as that temperature where the bend angle or the 
energy absorption had dropped to a value half of that 
exhibited in the shear failure range of testing. 

All of these suggested criteria for the determination of 
the transition temperature permitted a fairly large 
amount of plastic deformation to occur at the selected 
temperature. It has been observed, however, that many 
service failures show a cleavage-type fracture with little 
or no deformation.’ In addition, the experience at the 
Laboratories had shown that steels involved in brittle 
service failures nearly always exhibited less than 10 ft.- 
lb. Charpy keyhole under reproduced operating condi- 
tions. These observations suggested that the primary 
interest might well be centered on the conditions under 
which a brittle fracture would be obtained. It was 
decided to measure the deformation at the plane of the 
fracture on the bend specimens tested. The lateral 
contraction, '/-in. below the bottom of the notch, was 


20 


measured and these values were plotted against the 


testing temperature as shown in Fig. 9. Examination 
of these specimens and curves indicated that the tempera- 
ture corresponding to 1°7 deformation at fracture had 
considerable merit as a measure of the temperature at 
which an almost completely brittle fracture would be 
obtained. This temperature might be termed the 
“embrittling temperature” (7,). On this basis and with 
this type of specimen, the embrittling temperatures of 
the three steels were as follows: 


1'/>-In. Wide Specimens. Embrittling Temperature, ° C. at 1°, 
Contraction at Fracture 
).03-In. Radius Notch 4). Ol-In. Radius Notch 
Change Change 
Caused Cause 
Un- by Un by 
Steels welded Welded Welding welded Welded Welding 
a) — 135 —125 +10 — 140 — 
7 — 105 —110 —5 — 0) — 100 — ) 
& 140 — 70 +-7() — 80) —55 +25 


It may be seen that the welding operation raised the 
embrittling temperature of all the steels except that of 
No. 7. The specimens having the 0.01-in. radius notch 
showed an embrittling temperature for the bead-welded 
specimens higher than those having the larger radius 
notch. The embrittling temperatures obtained with 
these specimens were comparatively low and a specimen 
producing greater restraint was considered desirable. 

Experience with this series of tests lent considerable 
justification to the use of lateral contraction at the frac- 
ture as a measure of the degree of brittleness in the speci 
men. 


1. The fracture at 1°; contraction was definitely of 
the cleavage type for the full area, thus duplicat 
ing the brittle fracture characteristic that was 
being investigated. 

2. The use of this criterion avoided difficulties arising 
from variation in strength properties of different 
steels. 

4. Very simple measurements were required for this 
testing. 
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Fig. 11—Lateral Contraction for 3-In. Wide Notched Base Metal and Transversely and Longitudinally 
Welded Specimens Plotted vs. Temperature of Testing; 0.01-In. Radius Notch 
© unwelded X welded transverse A welded longitudinal 
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4. The use of this criterion satisfactorily. solved the 
problem of trying to interpret the data for steels 
in which the temperature-energy curve was 
sloping rather than steep. 


Therefore, as this criterion of 1% contraction had so 
many positive and technically sound advantages over 
other criteria that have been used or suggested, it was 
adopted and used for all further work in this investiga- 
tion. It was observed that the ratio of the proportional 
limit to the maximum load increased as the testing 
temperature decreased and approached 1.0 at a com- 
pletely brittle fracture. It was found that this ratio 
could be used as a measure of the approach to conditions 
causing brittle fracture. The main reliance was placed 
on the embrittling temperature as determined by lateral 
contraction because of the simplicity of measurement. 


Use of the 3-In. Wide Specimen 


In order to obtain a greater degree of restraint, 3-in. 
wide longitudinally welded and transversely welded 
notched specimens and similar base metal specimens 
were employed. The notch was of 0.03-in. radius and 
0.05-in. deep through the center of the weld in the trans- 
versely welded specimens and normal to the weld of the 
longitudinally welded specimens. 

A welding technique of 175 amp., 26 v. and a speed of 
6 in. per minute was adopted for use in preparing the 
welds in the 3-in. wide specimens because it was felt that 
this technique represented an average heat input. In 
Table 6 are listed the results of the tests made on the 
longitudinally welded and transversely welded specimens 
having a 0.03-in. radius notch. For ease of comparison 
the embrittling temperatures corresponding to 1% lateral 
contraction are listed below: 


3-In. Wide, 0.03-In. Radius Notch. 
° 


Embrittling Temperature, 
Welded 


ongi- 


L 
Steels tudinal 


Unwelded Trans. 


—45 
—40 
+80 


Change 
+110 
+75 
+40 


Change 


Bend tests were also made of 3-in. wide transversely 
and longitudinally welded specimens having a 0.01-in. 
radius (Izod) notch, 0.05 in. deep. This specimen, with 
still greater restraint, was made because it was thought 
that testing temperatures of less than —78° C. could be 


avoided and thus simplify the testing procedure. It was 
found that only occasionally did lower temperatures have 
to be used to determine the embrittling temperature of 
the welded specimens. However, for base metal tests, 
lower temperatures were required. 

Values of angle of bend at maximum load were plotted 
against the testing temperature in Fig. 10. The lateral 
contraction values are similarly shown in Fig. 11. Both 
the longitudinally welded specimens and the transversely 
welded specimens showed distinctly higher embrittling 
temperatures than those of unwelded steels. In general, 
it appeared that either the longitudinally welded or the 
transversely welded specimen could be used to reveal the 
effects of welding. It was observed that the longitudinal 
specimen showed greater contraction under conditions 
which developed a ductile fracture than did the trans- 
verse specimen. Consequently, the slope of the curve 
near the embrittling temperature was somewhat greater. 
However, the two specimens showed the same relative 


246-s 


WELDING RESEARCH SUPPLEMENT 


LATERAL CONTRACTION - INGHES 


ool | | 


= 100 -60 20 
TESTING TEMPERATURE- °C 


Fig. 12—Lateral Contraction vs. Testing Temperature, Stee! 
No. 10, '/:-In. Plate, As-Received 

Plate specimens: X, 3-in. wide, 4.5-in. span; O, 3-in. wide 
9-in. span; A, 1.5-in. wide, 4.5-in. span; 0, 3-in. wide, 4.5:i: 
span, 2% strained, aged. 

Longitudinal welded specimens (3-in. wide, 4.5-in. span 
@, as-welded; @, furnace stress relieved 1 hr., 650° C.: , plate 
strained 2% and aged before welding. 


differences between the steels tested using the 1°) con 
traction index, and the decision to use the longitudinal 
specimen for the remainder of the study of the effect o/ 
composition was based largely on the inductive reasoning 
that in the longitiudinal specimen all of the various stru: 
tures in the heat-affected zone were exposed to the applied 
stress and, therefore, the most sensitive zone would 
govern the behavior of the specimen, even if that struc. 
ture were not precisely known. Recent work® has indi 
cated the possibility that the zone showing the highest 
transition temperature may be as much as 1 or 2 in. from 
the fusion line. 

On the basis of the parameter of 1% contraction in 
these test specimens, the embrittling temperatures of th 
three steels were as follows: 


3-In. Wide, 0.01-In. Radius Notch. 


_ 


Welded 
Trans- 


Embrittling Temperatur 


Welded 
Longi- 


Steels Unwelded Change tudinal Change 


Subsequent work indicated that the span between th 
supports of the bending jig was another factor in the ben¢ 
test which could be varied to obtain modified stress sys 
tems. The 6-in. span which was used for the specime! 
development part of the program was shortened to 4 
in. for '/s-in. specimens in subsequent work. It was 
observed that this change tended to increase the restrai 
still further and thus to raise the embritthng temperature 
somewhat.. Because the specimen was tested as a simplt 
beam, it was thought that proportional jigs might pro- 
duce comparative results. Within the limits tested ths 
seems to be a possibility. Using unwelded plate spec 
mens it was observed that approximately the same 
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temperatures. 
| longitudinally welded or transversely welded specimen 
| with a 0.01-in. radius, 0.05-in. deep notch could be used 
§ to indicate the embrittling temperature without testing 
s at extremely low temperatures. dt appeared that the 


} the advent of a completely brittle fracture. 


MILLED NOTCH 


DEEP 
0.1 VERTEX RADIUS 
* ANGLE 


PLATE 


\ 
X 1 
BEAD WELD 
GRIND PLATE DC.REVERSE POLARITY 
BEFORE LAYING 175 AMP.-26 VOLTS 
BEAD 6 "PER MINUTE 


Fig. 13—Slow-Bend Test Plate, Bead Welded 


embrittling temperature was obtained with a” '/»-in. 
specimen on a 4'/» in. span as with a 1|-in. specimen on a 
9.in. span as Shown in Table 12. In the remainder of the 
testing program these proportional jigs were used for 
\/, and l-in. thick specimens. By maintaining a con- 
stant span it would be possible to evaluate the effect of 
plate thickness on the embrittling temperature, which 
would, of course, be important in engineering applica- 
tions. 

The general conclusion that could be drawn from the 
results of testing the different types of notched bead- 
welded specimens was that many of the specimens showed 
the same type of behavior with changing test tempera- 
tures. It was desirable to employ a specimen having a 
high degree of restraint to confine the deformation within 
a small volume and to permit higher experimental testing 
It appeared that either the 3-in. wide 


use of 10% contraction was a generally suitable criterion of 
The use of 
this criterion possessed the following advantages over the 


use of angle of bend at maximum load: 


|. Contraction is less dependent upon minor varia- 
tions in the thickness of the specimen. 

Contraction may be remeasured at any time. 

Contraction measurements are less dependent on 
the strength properties of the specimen. 


4 
v. 


It was considered desirable to establish the reproduci- 
bility of the results by the proposed test procedure and 
for this purpose a particular study was made on one steel. 
In this series of tests, specimens of unwelded plate were 
tested at 20° C. intervals over the full range from a fully 
ductile to a fully brittle fracture, and special attention 
Was given to maintaining the temperature at the various 
desired levels throughout the test. Seventeen specimens 
were tested and complete data were obtained on each 
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Fig. 14—Slow-Bend Test 
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specimen. The data obtained have been plotted in 
various ways. Figure 12 shows the contraction in width 
plotted against the testing temperature. It may be 
observed that the individual test results differed little 
from the mean and that the curves plotted through the 
data were fairly smooth. Since each point represented a 
separate test, it appears that this test method showed a 
reasonably high degree of reproducibility. 


Materials 


A larger group of steels representing many of the 
standard commercial types was chosen for investigation 
by means of the selected test procedure. The com. 
mercial steels may be divided into three groups: (1) 
plain carbon, (2) high-strength, low-alloy steels, (3) 
medium alloy steels. The plain carbon steels studied 
included a rimmed steel, a semikilled steel, and a fully 
killed steel. An attempt was made to obtain steels hav- 
ing the same carbon content but the killed steel was 
found to contain 0.19% carbon as compared to 0.160; for 
the other two. Three killed steels varying principally in 
carbon were included in order to study the effect of car 
bon in the commercially important range. 


Fig. 15—Testing Equipment Showing Wedge Type Compresso- 
meter for Bend Tests 


The high-strength, low-alloy steels studied included 
the following types: 


1. Manganese-titanium-vanadium. 
2. Chromium-copper-nickel-phosphorus. 
3. . Chromium-manganese-silicon. 


A low-strength chromium-copper-nickel steel used for 
service at low temperatures was also studied. The 
medium alloy steels were represented by a chromium- 
molybdenum steel, and two chromium-nickel-molyb- 
denum steels. 

In addition to the commercial steels a group of induc- 
tion furnace heats prepared at the Laboratories was 
investigated. These steels were prepared to determine 
the effects of individual elements on the weldability of 
steel and the compositions were selected to represent 
the principal elements used in structural steels. The 
test program was limited and many of the elements were 
represented by only one heat. These 100-lb. heats of 
steel were melted by a uniform practice and poured into 
4-in. ingots. The surface of the ingots was machined 
and they were rolled to '/:-in. plate. All test specimens 
were cut from plate rolled from the lower 80% of the 
original ingot. The compositions tested included three 
plain carbon steels of varying carbon contents, and six 
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Type) type Description 


drops to less than 50% 

1 radual decrease in joad as angle 
is increased. 

2 Rapid progressive failure. Load 
drops at least 50% before angle has 
increased 10° beyond maximum 
load. 


B Progressive failure followed by 
instantaneous* failure before load 
drops 50% 
| Instantaneous* failure causes 
load to drop to no less than 500 Ib. 
Instantaneous* failure causes 
| load to drop to less than 500 Ib. 


to 


Cc I Instantaneous* failure at maxi- 
| mum load Load drops at least 


10%. 

Instantaneous* failure causes 
| | load to drop to no less than 500 Ib 
2 Instantaneous* failure causes load 
to drop to less than 500 Ib. 


4 
Angie of Band 


at Appreciable drop in load with negligible 
increase in angle (usually audible). 


Fig. 16—-Types of Nick Bend Failures 


steels containing selected amounts of manganese, silicon, 
nickel and chromium as shown in Table 7. 

The mechanical properties of all of the steels were deter- 
mined on standard tensile and impact specimens ma- 
chined from plates in the as-received andin the normalized 
states and are shown in Tables 8 and 9. The notched 
bend properties of the plates were determined on the 3- 
by 8-in. specimen with a 0.01-in. radius notch illustrated 
in Fig. 13. 

Bend-test specimens were cut so that the long axis of 

the specimen corresponded to the direction of rolling 
except those designated in Table 12 which were cut nor- 
mal to the direction of rolling. Specimens representing 
the as-received condition were machined to 3 by 8 in. and 
a notch was machined transversely at the midpoint by 
means of a standard Izod notching tool. The radius of 
curvature of these tools was periodically checked to 
maintain a radius of 0.01 in. The notch was cut to a 
depth of 0.05 in. below the surface of the plate. Speci- 
mens to be normalized or strain-aged were cut oversize 
to allow for possible decarburization and were finish- 
machined after heat-treatment. In general, all speci- 
mens were held at room temperature for about 1 wk. be- 
tween welding and testing to provide a uniform amount of 
aging. 
The notched bend-test specimens for testing at other 
than room temperature were maintained for 1 hr. at the 
desired testing temperature and were quickly transferred 
to a jig mounted on the testing machine. The removable 
tip of the plunger was heated or cooled with the speci- 
mens. For temperatures above room temperature a 
small drying oven was employed and for temperatures 
from room temperature to —78° C. a bath of acetone 
cooled by dry ice was used. For still lower temperatures 
petroleum ether was cooled by means of a heat exchanger 
with liquid oxygen. The load-deflection diagram was 
automatically drawn by a compressometer. The angle 
of bend was determined by a protractor clamped to the 
specimen using a weighted, free-swinging pointed for 
maintaining the vertical reference. The specimen and 
equipment used for these tests are shown in Figs. 13, 14 
and 15. After testing, the contraction in width was 
determined by means of a micrometer caliper. The 
contraction measurement was made at a point about 
'/s9 in. under the root of the notch. 

The results of bend tests are available in microfilm 
form upon request from the Union Carbide & Carbon 
Research Labs. The following data were recorded or 
measured on most of the specimens: 
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Angle of bend at maximum load. 

Ratio of proportional limit to maximum load, 

Contraction in width '/3. in. below notch. 

Autographic stress-strain diagram. 

Type of fracture using nomenclature of Jacks, 
and Luther (see Fig. 16). j 

In addition to the type of failures shown jy this 


chart a C3 designation was added to indicay, A 
failures which occurred with little or no plastic mict 
deformation. alm 
The results of the tests on both welded and unweldeg pe 
specimens in as-received and normalized conditions 2», tem) 
shown in these microfilms (Table 10). nied 
T 
Discussion of Results bel 
the 
A few general observations may be made from the dat, pe 
It was found that all of the steels tested showed decreas tha 
ing ductility as the testing temperature was lowered, by of | 
the decrease was not always abrupt at a certain tempers. for 
ture. In general, the harder, stronger steels showed is I 
the 
Table 11—Embrittling Based on 1% to 
traction. pri 
No. tul 
of Plate Specimens Welded Specinens mz 
COMMERCIAL STEEL HEATS 
Plain Carbon Steels: ha 
16 1/2-in., 0.16% C, rimmed - 65 - 35 - 0 fr: 
10 1/2-in., 0. 104 c, semi-killed - 85 - 70 - 
i0 l-in. - 85 - 85 - 35 
n 1/2-in., 0.19% C, fully-killed - 85 - 9 - 40 
ll l-in. ~ 85 -100 - 5 
12 1/2-in., 0. 2uh c, fully-killed - 70 - 85 + 10 - 2 
12 l-in. “ " - 9 -% - 10 -2 
13 1/2-in., 0. 298 fully-killed - 10 - 10 + 10 ~ i 
3 l-in, ° - 45 - 80 + 20 
Low Alloy, Structural Steels: I 
38 1/2-in., 0.15% C, Mn-V-Ti - 95 -145 - 25 - © rs 
xe l-in., 0.14% C, Mn-V-Ti -105 25 <-1i0 
19 1/2-in., 0.104 c, Cr-Ni-Cu -175 -175 - 65 - 70 t 
19 l-in. “1h5 
28 1/2-in., 0.10£ C, Cr-Cu-Ni-P - 75 -105 + 5 - 0 F 
2h 1/2-in., 0.14% C, Cr-2zr - 75 - 95 3 - 
25 1/2-in., 0.10% C, Cr-2zr ~105 - 20 
Alloy Steels: 
i7 1/2-in., 0.28% C, S.A.E. 4130 - 75 - 80 + 35 + 2 
20 1/2-in., 0.30% C, N.E. 8730 ~ 65 - 2 + 40 + 2 
2 W/2-in., C, SAE. b1L0 >+100 +100 
22 C, 4342 >+100  >+100 


Plain Carbon Steels: 


Alloy Steels: 


Note: Table 10-Results from slow-bend tests of notched plate and notched sing|e 
bead welded plate specimens available in microfilm form upon request [rom 


T HEATS 


V2-in,, 0.108 C, fully-killed -135 
* 0.1%" * -115 - 2 
0.30% ° - 7 - 


1/2-in., 1.96% fully-killed <-180 - 
0.528 -1,0 - 
0.70% Si, * ~-110 ~ 45 


Note: 7? denotes insufficient data for determination of 
transition temperature. 


AR—As Received 
N—Normalized 


Union Carbide & Carbon Research 
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higher embrittling temperatures than the softer steels 
but hardness alone was not a sufficient criterion of tough- 


ness. 
Effect of Normalizing 


\ summary of the data given in the above-mentioned 
microfilm is given in Table 11. It may be seen that in 
almost all cases normalizing lowered the embrittling 
temperature as compared to that of the steel in the as- 
received condition. On the average, the embrittling 
temperature was lowered by 25° C. as a result of the 
normalizing treatment. 

The data in Table 11 also indicated that normalizing 
before welding lowered the embrittling temperature of 
the welded specimens. Although two of the steels 
showed a higher embrittling temperature as a result of 
normalizing,’'the average values for all the steels indicated 
that normalizing lowered the embrittling temperature 
of the welded specimens by about 13° C. The reason 
for this improvement over the welds on as-received plate 
is not immediately apparent since it is generally thought 
that the crack starts in the coarse grain area of the heat- 
aflected zone.* The metal in this area is heated almost 
to the solidus temperature and, therefore, the effect of 
prior structure would seem to be very small. It is pos- 
tulated that the improvement produced by normalizing 
may be due to the greater resistance of the normalized 
steel to the propagation of the crack which is formed 
early in the test in the coarse grain zone. Houdremont’ 
has shown that a crack may exist for some time before 
fracture occurs even when the final fracture is brittle. 


Effect of Deoxidation 


Previous investigations have shown that killed steels, 
in general, exhibit greater toughness in the welded condi- 
tion than either rimmed or semikilled steels. Steels Nos. 
16, 10 and 11 were obtained for the purpose of investigat- 
ing the effects of deoxidation practice, and they were 
intended to represent rimmed, semikilled and fully killed 
practices, respectively. It was found that the embrit- 
tling temperature of the unwelded specimens of the semi- 
killed and killed steel was slightly lower than that of the 
rimmed steel. After normalizing, all three steels showed 
about the same embrittling temperature. The welded 
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Fig. 17—Energy vs. Testing Temperature, No. 10 Steel, Charpy 
Tests, Vee-Notch Specimens 
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Fig. 18—Contraction vs. Test Temperature, Charpy Tests, 
Vee-Notch Specimens, No. 10 Steel 


specimens of the semikilled steels, both as-received and 
normalized, showed a lower embrittling temperature 
than did the welded specimens of the rimmed and killed 
steels based on welds in the as-received plate. It is con- 
sidered that these results were not typical of the relative 
effects of the various deoxidation practices and a more 
extensive investigation would be required to establish 
these effects. 


Effect of Rolling Direction 


It is well known that rolled steels often show less 
ductility in the direction normal to the rolling direction 
than they show in the longitudinal direction. A series of 
tests were, therefore, conducted to determine the effect 
of the rolling direction on the embrittlement tempera- 
ture. The tests made on a semikilled steel listed in 
Table 12 indicated that approximately the same embrit- 
tling temperature was obtained in both types of speci- 
mens. 

The Charpy impact data reported in Table 2 indicated 
that although a difference between the two directions 
existed in the ductile range the performance in the brittle 
range was approximately the same. 


Effect of Composition 


The effect of chemical composition on the embrittling 
temperature may be most easily discussed by reference to 
Table 11. It was found that of the normalized unwelded 
steels, the chromium-copper-nickel steels showed the 
lowest embrittling temperatures. The manganese-ti- 
tanium-vanadium steels showed embrittling temperatures 
below —145° C. Next in order of increasing tempera- 
tures were the low-alloy, high-strength steels, followed by 
the plain carbon steels, and these were, in turn, followed 
by the higher-carbon, medium-alloy steels. The '/-in. 
specimens of steel No. 13, a 0.29% carbon killed steel 
were found to be abnormally banded and this fact may be 
associated with the fact that the '/.-in. specimens showed 
an embrittling temperature some 70° C. higher than that 
of the 1-in. plate of the same steel. The normalized and 
welded specimens revealed the same general order, but 
the embrittling temperatures were higher than those of 
the unwelded steels. Proportional jigs were used for this 
series in an attempt to gain a better comparison of the 
effect of composition. 
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Fig.19-—Effect of Restraint on Brittle Fracture 


The results of the tests on the steels prepared in the 
Laboratories are given in Table 11. The results ob- 
tained from these steels are not directly comparable with 
those obtained from commercial steels. As discussed by 
Kinzel,' the heats made at the Laboratories generally 
show a lower embrittling temperature for a given com- 
position. The data from killed plain carbon steels are 
typical. 


Heat Thick- 
No. Type % C ness,In. Unwelded Welded 
11 Commercial, killed 0.19 —90 —40 
plain C 
4-77 Laboratories, 0.18 1/, —115 — 50 


killed plain C 


However, it is believed that the heats made at the 
Laboratories do provide a relative measure of the effects 
of various alloys, although admittedly on a single point 
basis. The dominant effect of carbon is shown by Fig. 31 
in the Campbell Lecture. As secondary effects it appears 
that nickel, manganese and chromium were helpful in 
maintaining a low embrittling temperature whereas sili- 
con tended to raise the embrittling temperature. The 
same order appeared to be maintained in the welded 
specimens. At a given tensile strength alloy steels 
possessed a definitelv lower embrittling temperature (see 
Fig. 32 Campbell Lecture). The effect of hardness was 
investigated and it was found that the hardness of the 
sample, both welded and unwelded, played an important 
role in the plastic behavior of the specimen, but it was 
not possible to analyze the effect of hardness as a primary 
variable (Fig. 28, Campbell Lecture). 

In addition to the metallurgical conditions that may 
affect the embrittling temperature, certain mechanical or 
structural features of the design or general environment 
may determine the type of fracture obtained. The effect 
of rate of loading was determined by subjecting standard 
vee-notch Charpy specimens to the standard Charpy 
impact test over a range of temperatures and to slow 
bending at various temperatures. The difference in the 
rate of loading in these two tests was on the order 
of 10°. The data obtained from these tests are plotted in 
Figs. 17 and 18 which compare the contraction at frac- 
ture with the temperature of testing. These data show 
clearly that by the increased rate of loading from slow 
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bending to impact loading the embrittling temperatyy, 
was raised by 80° C. Wittmann and Stepanovy* hay, 
studied the effect of rate of loading more thoroughly and 
have reported that the effect of rate of loading may }y 
described by the equation: 


where V, = Ae~5/T 
V, = rate of deformation 
A, B = constants 
T = temperature Kelvin at embrittling temper. 
ture 


The effect of different degrees of restraint on thy 
embrittling temperature is shown in Fig. 19. The dat, 
for these curves were obtained during the developmen 
of the test specimen and they serve among other thing: 
to show how the specimen development followed the pat 


Table 12—Results of Additional Slow-Bend Tests 6, 
Notched Plate Steel No. 10 ('/.-In. Plate) 


emmerature Max. 


Angle et mergy Laterel 
of Test Lead Max. Leed Type Absorbed Contraction P.L.jy 
Lb. Degrees Fracture Ft-lb. in. 
As-Received Plate, Specimen 3 in. x # in., Bent on 4-1/2-in. Span: 
11, 800 A2 472 0.064 hh. 
+120 11, 940 43 Ae 492 0.067 45.2 
#100 11,800 hl, A2 504 0.076 45.8 
+ 20 12,120 49 A2 540 0.084 io. 
+ 12,000 48 A2 572 0.085 
+ 40 12, 40 49 A2 54k 103 4B. 
+23 12, 68 Lé B2 0.109 
0 13, 500 49 C2 408 0.084 51.¢ 

- 20 13, 700 50 0.078 
- 40 13,920 5 c2 424 0.083 57.8 
- 14, 100 45 2 0.068 
- 72 13, 600 32 c2 288 0.054 6 
3 © 

0 


fs-Received Plate, Specimen 1-1/2 in. x @ in., Bent on 4-1/2-in. Span: 


- 6,720 60 C2 234 0.103 
- 60 6, 90 5h C2 202 0.088 

- 78 6,790 Le C2 1% 0.079 

-100 6, 920 Le C2 198 0.076 7 
-120 6,000 2 c3 17 0.003 

6, 3 


As-Received Plate, Specimen 3 in. x 8 in., Cut Nermal to Direction of Rolling 
Bent on 4-1/2 in. Span: 


- 13, 260 40 C2 0.55 
- 60 13, 200 32 c2 280 0.049 
- 75 13,320 2e C2 0.040 73.6 
- 90 12,100 10 C2 120 0.017 R89, 
-100 11, 660 7 c2 16 0.009 
As-Received Plate, S men 3 in. x 8 in., Bent on n. S 
+ 94,0 64, Al 576 0.135 55 
$540 62 640 0.111 
-100 5,780 52 c2 400 0,068 83. 
“110 5,960 3 c2 40 0,003 100. 
-220 5,600 5 40 0.005 1% 20 
-120 6,000 3 c2 » 0,004, De 
* 50 1,560 33 A2 464 0.087 5 
+ 23 11,800 31 Bl 404 0.100 54 
12,160 28 C2 236 0,051 
-~2 12,440 26 C2 228 0.049 56.¢ 
- 40 12,600 2% C2 228 0.045 62.0 
~ 60 12,600 20 2 188 0.039 67 
- 78 11,700 9 C2 92 0.021 82 
-L00 11,440 4 ee 0.015 » 
10,400 3 c3 228 0.010 10 
11,800 2 c3 40 0.012 
Furnace Stress-Relieved, 650°C. 1 Hour, Air—Cooled: 
-40 12,760 35 c2 288 0.056 62.0 
- 60 11,600 u C2 156 0.031 76.0 
- 78 11,420 10 C2 100 0.023 
=100 10,440 3 c2 56 0.013 98.C 
=-120 12,20 4 c3 48 0.0L. 100.< 


Results of Additional Slow-Bend Tests on Notched Longi- 
tudinal Bead-Welded Specimens, 3 In. by 8 In., Bent on 
4'/.-In. Span Steel No. 10 ('/:-In. Plate, As-Received)  ‘ 
Results of Additional Slow-Bend Tests on Notched Longi- 
tudinal Bead-Welded Specimens, 3 In. by 8 In., Bent on 
4'/,-In. Span, Steel No. 10 (1-In. Plate, As-Received) 


= 40 63,200 26 c2 1,140 0.103 Sho 
- 60 56,800 a c2 860 0.079 59. 
- 75 55,000 9 C2 600 0.041 76.6 
=100 50,300 2 C2 240 0.0L. 96-6 


tern” 
test] 
units 
and 
caus 
shou 
orde 
relat 
arbit 
was | 
com 
illus 
havi 
T 
tem 
thes 
con! 
stra 
and 
tur' 
pro 
de\ 
tic 
bri 
th: 
spt 
In 
sti 
te! 
Sp 
br 
in 


4 
| 
| 
& | | 
m 
= rt 
4 
| MAY 


Perature 


Vv” hay 
shly and 
May be 


‘Mpera- 


On the 
he dats 
pment 
things 
he pat 


sts on 


tern’of increasing the restraint to obtain more convenient 
testing temperatures. It is important to note that the 
‘units used on the horizontal axis are types of specimens 
and not measurable factors. This was necessary be- 
cause, although it was recognized that the specimens 
should provide progressively increasing restraint in the 
order in which they were placed, there is no dimensional 
relationship between them. They were, therefore, 
arbitrarily spaced equally. The unnotched plate metal 
was included as representative of a relatively unrestrained 
condition, and the welded specimen was included to 
illustrate the additive effect of welding on the specimen 
having a very high degree of restraint in itself. 

These curves clearly show the interrelated effects of 
temperature and restraint. Although the steel used in 
these tests had good bend qualities in the unnotched 
condition even at — 140° C. a moderate amount of re- 
straint such as is represented by Specimen B definitely 
and adversely affected the contraction of area at the frac- 
ture. Increasing the degree of restraint progressively 
promoted brittle fracture. Thus, although Specimen B 
developed a brittle fracture at —140 C. (1% contrac- 
tion), Specimen C, with higher restraint, broke in a 
brittle manner at a temperature of —80° C. indicating 
that the difference in restraint afforded by these two 
specimens was offset by a rise in temperature of 60° C. 
In order to prevent brittle fracture in Specimen D, with a 
still higher degree of restraint, it was necessary that the 
temperature be increased to about +60° C. and even this 
specimen, if welded, as shown by Specimen E£, broke in a 
brittle manner at that temperature. The effect of weld- 
ing in this specimen was to create a very high degree of 
restraint which suggests that a crack may be formed in 
the early stages of the test which is sharper than any 
notch which can be machined by a tool. In general, 
these tests show that restraint is an independent variable 
operating at all temperatures. 

Although the effects of several metallurgical varia- 
tions and of welding were investigated for many steels, it 
was considered advantageous to investigate the effects of 
some of these variables on one steel in greater detail. 
For this purpose steel No. 10 was chosen, and the tests 
were carefully conducted at comparatively small tempera- 
ture intervals. The steel was a semikilled, medium- 
carbon steel similar in physical properties to commercial 
structural steel. The tests seemed to indicate that the 
quality of the steel may have been better than average. 
This steel was tested in a number of conditions and the 
results of the tests are shown in Fig. 12 and in Table 12, 
in which the lateral contraction is plotted against the 
testing temperature. On the basis of the selected speci- 
men the embrittling temperature in the as-received condi- 
tion was —85° C. With a narrower specimen or with a 
9-in. span instead of a 4'/.-in. span, which decreased the 
restraint, the embrittling temperature was somewhat 
lower. Straining 2% followed by aging at 200° C. for 
\6 hr. raised the embrittling temperature to —65° C. 
Welding on the as-received plate also raised the embrit- 
tling temperature to —65° C. However, the strained 
and aged and welded plate showed an embrittling tem- 
perature of —45° C. indicating that the effects were to 
some extent cumulative. 

An attempt was made to develop a pilot test, similar 
to the “ladle” Jominy tests conducted at present, which 
could be performed within the limited time (approxi- 
mately 4 hr.) available between the pouring and rolling 
of ingots in the mill. 

Such a test involves, in general, three steps, namely: 

1. Pouring and forging or rolling of test ingot. 


2. Preparation of specimens. 
3. Testing of specimens. 
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In order to determine the procedure and time required 
to perform each of these steps, sufficient tests were carried 
out so as to set up a tentative procedure. 

Step 1: Plain carbon semikilled steel was poured into 


ingots of different sizes as follows: 1'/. by 3 by 12 in.; 
2 by 3 by 12in.; and 2'/, by 3 by 12 in. 

The ingots were charged into a forging furnace, im- 
mediately after stripping, and soaked for 30 min. at 
approximately 1200° C. The ingots were then forged to 
'/>-in. plate (approximately in. wide) without reheat- 
ing and were allowed to cool to a black heat before 
quenching. The finishing temperature for the forging 
operation, as determined by an optical pyrometer read- 
ing, was about 760 to 780° C. 

The results of these tests showed that the 2- by 3-in. 
ingot was preferable for the following reasons: (a) The 
ingot could be readily forged to '/»-in. plate without 
reheating; (>) the finishing temperature was high enough 
after a fair amount of hot-working; (c) sufficient plate 
for a duplicate bend test was available. 

The elapsed time between the pouring of the ingot and 
the quenching of the forged plate was approximately | hr. 

Step 2: In order to give due consideration to the 
different facilities which might be available in any mill 
for shaping or cutting specimens to size, several methods 
have been investigated. The following means were 
investigated for preparing the edges in order to make 
parallel sides on a specimen 3 in. wide: (a) Oxyacetylene 
cutting torch; (6) hacksaw; (c) high-speed cutting wheel; 
(d) shaper. 

Specimens about 8 in. long were prepared by each of 
these methods using steel No. 10 (0.160% carbon semi- 
killed) and tested at room temperature, —40, —78 and 
—100° C. A comparison of the values obtained on the 
different types of specimens showed only a slight varia- 
tion at each of the testing temperatures used. In order 
to obtain dependable contraction values, the width of the 
specimen just below the notch before testing should be 
measured on all specimens. From experience, however, 
the shaper-prepared specimen seems preferable to others 
for the following reasons: (a) Uniform edge condition, 
i.e., no ridges, drag lines, etc., thus ensuring accurate 
determination of contraction values; (>) more uniform 
width throughout; (c) satisfactory processing time; (d) 
no danger of edges being hardened. 

The time required to prepare a single specimen was 
about 40 or 50 min., the time being divided as follows: 
Cutting and preparation of edges, 25 to 30 min.; notching 
15 to 20 min. Should a welded specimen be desired, 1t 
would require an additional time of approximately 10 
min. to grind or sandblast the plate surface prior to weld- 
ing and depositing a standard bead weld on the plate. 

Step 3: In order to determine the suitability of a 
particular heat of steel, a testing temperature for the 
plate material or welded specimen would be selected. 
Steels which, at the selected testing temperature, retain 
ductility of more than 1% lateral contraction would be 
considered satisfactory. Considering the size of speci 
men used in this case, the specimen should be held at 
temperature for at least 30 min., in order to assure a 
uniform temperature throughout the specimen. Al 
though not absolutely necessary, it is suggested that the 
parts of the testing apparatus touching the specimen dur- 
ing testing also be brought to temperature in this manner. 
Equipment should be so arranged that testing of the 
specimen is completed within 2 min. after removal from 
the bath. 

Measurement of the lateral contraction can be quickly 
performed and from this it can be determined whether 
the steel is above or below the embrittling temperature 
at the selected temperature of test. The time required 
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for Step 3, including measurement of contraction, should 
not exceed 50 min. 

The total elapsed time requited for performing the 
three steps necessary for evaluating the embrittling 
temperature of a heat of steel is something less than 3 hr, 

Step 1. Pouring and forging or rolling of test ingot, 

50 to 60 min. 
Specimen preparation, 40 to 60 min. 
Testing, 50 to 60 min. 


Step 2. 
Step 3. 


Therefore, even allowing for any contingencies which 
might occur, it is apparently feasible to carry out the com- 
plete test well within the 4-hr. period between pouring 
and rolling the ingot. The embrittling temperature of 
the small test specimen may or may not be the same as 
that of a specimen cut from the rolled ingot, but it is 


believed that a workable relation between the two values 
may be developed. 


Conclusions—Part I 


1. It was assumed that a definite relation existed 
between the service performance of a sound weldment in 
a particular steel and the environments which cause a 
change from the ductile to the brittle type of fracture. 
It appeared that nearly all of the variables which effect 
the tendency toward a brittle fracture in steel could be 
classified into one of the following groups; 


(a) Stress system or restraint determined by design of 


structure or specimen. 

(6) Temperature of service or testing. 

(c) Rate of loading. 

(d) Strength or hardness as modified by composition, 
grain size and rate of cooling. 


2. The preferred criterion of the development of a 


brittle state or condition in a bend-test specimen is the 
lateral contraction at the fracture. 


(a) Ina series of specimens in which all factors except 
temperature were constant, the “‘embrittling 
temperature” was satisfactorily defined 
as that at which approximately 1° lateral 
contraction occurred. 

The ratio of proportional limit to the maximum 
load in the preferred test approached unity 
under conditions that produced about 1% 
lateral contraction at fracture. 

(c) The bend angle at maximum load in the selected 

slow bend test was approximately 20° at 1% 
lateral contraction for '/s-in. plates 


(b) 


4. The effects of several test variables which influence 
the development of the brittle*state may be expressed in 
units such as rate of loading, restraint or embrittling 
temperature, but the most convenient method is to ex- 
press them in terms of equivalent embrittling tempera- 
ture. For example, an increase in the degree of restraint 
may be expressed as equivalent to a 50° C. rise in the 
embrittling temperature. Under certain conditions, 
this may be offset by a lowering of the T, by 40° by some 
favorable factor such as composition or heat treatment. 
In other words, it is believed that the effects of several 
factors are cumulative. 


4. The phenomena of decreased ductility with de- 


creasing temperature have been observed in many types 
of specimens. 


dictated by ease of machining and testing. The test 


The choice of a particular specimen was 


specimen and method selected for comparing the embriy 
tling temperature of steels and the effect of a scleoy, 
welding technique were as follows: the specimen ' , jy 
thick, 3 in. wide, 8 in. long with a 0.01-in. radius ().()5.jy 
deep, 45° notch transverse at the midpoint. If the effec 
of welding was to be investigated a bead was deposite 
with A.W.S. E6010 */j-in. electrode at 175 amp., 24 , 
6 in. per minute lengthwise on the specimen before note) 
ing. The notch was about 0.02 in. above the fusion |jz; 
Several specimens were prepared and tested in slow ben 
ing on a 4'/s-in. span as a simple beam. The testing 
temperature of the specimens was adjusted until a fra 
ture showing about 0.030-in (1%) contraction was 0} 
tained. 

5. The embrittling temperatures of the normalize; 
steels were raised primarily as the following factors wer, 
increased : 


(a) Carbon content. Alloying elements exerted 
much smaller effect. 

(6) Grain size. 

(c) Hardness. 

(d) Rate of loading. 

(e) Restraint. 


6. The embrittlement temperatures were lowered }) 
the following factors: 


(a) Heat treatment. Normalizing lowered the em 
brittling temperatures as compared to the as 
rolled state. It is known that other heat treat 
ments, such as quenching and tempering, may 
produce lower embrittling temperatures. 

(6) Design considerations as mentioned in 5. 

(c) Other factors not thoroughly investigated, suc! 
as multiple pass welding, stress relief, etc., may bx 
expected to lower the embrittling temperature. 

7. The embrittling temperature appeared to lx 

independent of the rolling direction. 

8. The data showed clearly that welding by the 
selected technique raised the embrittling temperature as 
compared to the unwelded plate. A part of this rise was 
believed to be caused by the increased grain size and 
hardness produced by welding. 

9. Ata given tensile strength the alloy steels showed 
significantly lower embrittling temperatures than plain 
carbon steels. 


10. It was shown that it may be possible to determine 
the relative embrittling temperature of a heat of steel 
between the time it is poured into ingots and the time it 
is to be rolled, thereby permitting greater selectivity. 
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Effect of Variations in Welding Technique on 
the Transition Behavior of Welded Specimens 


Part II 


By Clarence E. Jackson* and William J. Goodwin* 


Introduction 


REVIOUS investigations of the effect of welding on 
the properties of steels have, in general, set up one or 
more standard welding techniques and subjected all 
steels to the same welding thermal cycle. More re- 
cently, a number of investigators have analyzed the 
effects of a particular welding technique and expressed 


1231 
Fig. 1—Two Bead Welds Deposited with ae Energy Inputs 


of 45,000 Watt-Seconds per Inch. Bead No. 1227: 125 
Amp., 26 V. and 4 In. per Minute. Bead No. 1231: 800 
Amp ., 26 V. and 27.4 In. per Minute 


the energy input in watt-seconds per linear inch. For 
example, a bead weld deposited, using 175 amp. current, 
23 v. and a speed of travel of 6 in. per minute, would re- 
quire 45,500 watt-seconds per linear inch. Increasing the 
speed of travel to 12 in. per minute would reduce the 
energy input to one-half and reducing the speed of travel 
to 3 in. per minute would double the energy input per 
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Fig. 2 


linear inch. In other words, the energy input is a linear 
function of the time per linear inch. 

While investigating the effect of variation in welding 
technique on bead welds, two cases were encountered 
which could not be explained on the basis of present day 
concepts. 

Case I. The preliminary investigation of two bead 
welds deposited with automatic equipment at equal 
energy levels with a wide range of difference in current 
and speed of travel produced rather surprising dif- 
ferences. The first bead weld was deposited using 125 
amp. current, 24 v. and 4 in. per minute travel with an 
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Fig. 3—Effect of Welding Technique on Contraction for 
Various Testing Temperatures. Transverse Bead Weld Steel 
No. 11 
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Table I—Results of Chemical Analysis 


as to whether the difference in we 


Iding 
conditions or in the process use, 


1 Was 


responsible for the difference in the tw 
weld nuggets deposited with identic, 
Steel C Mm _ Si Cr _ Ni_ Mo Insol, _N bet v energy inputs. 


& 0.15 1.06 


9 1.07 


0.19 0,026 0.026 0.054 0.11 0.068 0.012 0.004 0.007 0.0039 0.009 0.026 


0.21 0.030 0.026 0.054 0.11 0,091 0.016 0.007 0.009 0.005 0.01 0.035 


‘Case II. In general, it is expected 
that an increase in hardness in the hea 
affected zone will tend to raise th 


1O 0416 0401. 04025 04027 06064 0.025 Trace = 0,0060.011 0.0039 - embrittling temperature. However 
1l 0619 0462 0.035 0.030 0.039 0,021 * 02003 0.009 0.0042 - this is not always the case. In a serie 

12 0624 0.39 0416 0.021 0.027 0.037 0.023 © 0.003 0.002 0.0042 = 


13 0.29 0689 0.25 0.022 0.032 0.029 0.026 0.038 


16 0.16 0.01 0.014 0.038 0.056 0.11 aad = - 


19 Ool0 0.65 0.23 0.013 0.031 0.68 O.48 0.61 - 
20 0.30 0.85 0621 0.018 0,013 0.60 


23 0.28 0.53 0.08 0.020 0.027 0.03 0.034 0.045 = 


E-6010 open are electrode; the second bead weld was de- 
posited using the Unionmelt process with 800 amp. cur- 
rent, 26 v. and 27.4 in. per minute travel. The first of 
these bead welds was deposited at 45,000 watt-seconds 
per linear inch and the second at 45,500 watt-seconds per 
linear inch. The bead welds were sectioned, polished 
and etched. Figure 1 shows the results which were ob- 
tained. The bead welds are in no way equivalent. The 
low current, low speed technique produced a small weld 
nugget and a wide heat-affected zone, whereas, the high 
current, high speed technique produced a larger weld 
nugget and a narrower heat-affected zone. A Vickers 
hardness survey across the heat-affected zone in the 
thickness direction of the plate showed a maximum hard- 
ness of 417 for the bead deposited with the low current, 
low speed technique, whereas, the maximum hardness 
was only 225 for the high current, high speed technique 
(Fig. 2). Obviously, specifying the energy level at which 
a weld is made is not sufficient. The question was raised 
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Fig. 4—Effect of Welding Technique on Contraction for Various 
Testing Temperature. Longitudinal Bead Weld, Steel No. 11 
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prepared from Steel No. 11, using , 
range in energy input of 19,520 4 
68,200 watt-seconds per linear inch, }; 
was observed that in spite of the change 
in energy input with its accompanying 
change in the maximum hardness, litt), 
or no difference could be observed jy 
the transition behavior of the test speci. 
mens (Fig. 3). As shown in Fig, 4 


©,0025 - 


0.0056 - 


+ 


the results of the longitudinal bead 
weld, notched tests were similar to those obtained fo; 
the transverse specimens. Since the hardness in the 
heat-affected zone varied from 225 to 277, it was felt tha: 


WIDTH 


PENETRATION 


DEPTH OF 


HEAT AFFECTED ZONE 


Fig. 5—Bead Weld Deposited on a Flat Plate 


one or more variables must be compensating for the effect 
of the increase in hardness. The question was raised as 
to what factors control the weld nugget and heat-affected 
zone. 


A. Test Procedure 


Because of the lack of data describing the effect o! 
changes in welding technique on the performance o! 
welded specimens, further tests were performed coveriig 
a wide range of welding currents and speeds of travel 
Ten steels in thicknesses of '/, to 1 in., with compositions 
shown in Table I, were used as base material for bead 
weld deposits. Bead welds were deposited on the sur 
face of the plate using both the open are and Unionmelt 
processes. Recording equipment was used for measuring 
the voltage and current. Automatic welding equipment 
was used for maintaining the welding conditions and lor 
maintaining uniform travel. The bead welds were sec 
tioned, ground and polished so that an etched section 
would show the distribution of the weld nugget and thic 
heat-affected zone for each test. From measurements 0! 
these cross sections a number of factors could be deter- 
mined, such as nugget area, nugget width and penetration 
grain size and maximum Vickers hardness in the heat- 
affected zone, and the depth of the heat-affected zone. 
Further tests were performed in order to determine th« 
ductility at room temperature or other testing temper 
ature for most of the beads deposited using notched slow 
bend specimens. In a number of cases the embrittling 
temperature of the welded specimens was determined. 
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Table Il—Results of Tests to Determine Effects of Changes in Welding Technique 
Heat-Affected Angle 
jelding Technique Weld Nugret Zone at Type ateral 
Kod. EIS Penetra- Te of Max. Max. of Ener; nirac- iatio 
Speed Dia. Watt-Sec. tion Width Area Depth Avge Grain Testing Load Load Frac- Absorbe ti PoLe/MoLe 
gaps. Volts In./Min. Inches Per In. In. In. Sq. In. In. MVH_ Size "Co Lb. , Degre es ture Ft-l Ir = 
°C, Mn-V-Ti Transverse Specimens 
1/2 ine, 
_ 5 3/16 45,900 0.09 0.49 0.061 0.136 238 4,1 + 23 18,650 38 A2 0.04 
170 10 3/16 28, 560 0.09 0.39 0.039 0.074 292 4.8 +23 14,750 1 Bl 0043 
10 1s 3/16 20,470 0.08 0.37 0.031 0.070 302 5.2 + 23 14,750 1g Bl 240 ( } 8 
ing, C, = 9 
2h 5,000 0.05 0.45 0.042 0.109 317 Ad. - - - - - - 
L 3/16 68,850 O.1l 0.65 0.090 0.136 249 ke! +23 29,300 23 B2 840 
170 «27 6 3/16 45,900 0.10 0.59 0.C67 O.10l 261 5.3 +23 28,900 24 B2 83 
5 3/16 45,500 0.19 0.54 0.067 0.101 269 5.3 + 23 29,000 25 Be Bly : 
28 10 3/16 28,560 0.08 0.43 0.040 0.082 297 Sols + 23 00 C2 it 
170 27 3/16 19,740 0.08 0.36 @031 0.060 307 Sei +23 27,500 20 c2 30 
20 20 «210 3/16 =—31,200 O12 Ohh 0.062 0.074 275 +23 28,500 2h B2 
300 32 12.6 Wh 46,500 0.15 0.59 0.09L 0.078 246 565 + 23 27,200 16 cl j 68 
5/32 45,700 0.16 0.62 0.101 0,066 225 5.1 +23 28,700 22 C2 830 
26 Vs 45,500 0.26 0.56 0.140 0.054 227 5.1 +23 30,600 B2 1,180 
Plain Carbon Steel 
Line, Cy senmi-killed - 10 Transverse Specimens 
125 23 1/16 43,125 0.06 0.34 0.05 0.047 191 309 68 65 
: - 78 31,00 62 929 0.134 
Notch above plate ; 9 ‘ 25.400 é C2 1,170 0.07 50 
170 6 1/16 47,600 7 21,300 c2 "Lec 0.009 95 
0,016" deep notch 9.062 19 +23 25,500 48 Ce 1,170 
y x0 32 3/32 500 0.11 0.56 0.07 0.062 195 4.0 ~ - 
0,032" aeep notch + 23 25.100 7 C2 1.150 068 LO 
26 14 3/16 L5 »700 0.17 0.56 - 78 700 li C2 "380 
Ker. 27. 45,500 0.27 0.53 0.15 0.031 187 4&1 * 23 O00 028 79 
ge notch 
Plain Carbon Steel ’ 
Lin., 0.194 C, Fully-killed - 11 Transverse Specimens 
26 3/16 68,200 0.59 0.10 0,109 223 2.8 +23 27,000 38 
175 26 6 3/16 45,500 O.1l 0.53 0.08 0.078 234 346 + 23 2. , 300 32 C2 670 U.02 
+ 23 27, 300 30 2 920 0.058 
0 27 ,000 27 C2 730 0.044 ] 
- 22,8 17 C2 420 ) 71 
] 2 \ 7 5 ° 0. 0.06 0.02 234 3.7 + 23 26,800 32 C2 37 0.05 
175 26 & 3/16 3h,125 0 45 27/0 0 39 C2 800 9.053 56 
25,000 20 540 0.031 70 
23,2 C2 260 0.016 89 
/ 0.0 2 2 27,200 33 C2 860 C.057 52 
17% 8626 610 3/16 27,300 0.09 0.03 0.046 38 25. 28 C2 720 0.049 } 
- <9, J Va WO 4 
- 78 4,000 10 C2 320 87 
‘VE 02 0.03 3.7 +2 7 C2 770 59 5 
175 26 12 3/ 16 22,750 0.08 0.37 0.02* 035 258 gel 2 580 040 59 
9 20 C2 §70 0.038 67 
- 78 5,000 13 C2 0.019 
175 260 3/16 19,520 “Oo 28 710 57 
- 10 27, 23 C2 600 Osi 66 
- 78 21, 6 C2 180 ll 15 
Lor 1a ecimens 
+8 1, A2 l L6 
175 26 6 3/16 465,500 + 23 59 
+ 23 22, 
LY, 
3/16 3K, 125 1 0. 5 
C Us jl, 
+ 3 ,000 10-33 61 
175 2 10 3/16 27, 300 18, C202 
C2 80 0.011 100 
7 3 C3 100 
2 ) 3 
+ 23 3 1, 53 
175 2 12 3/16 22,750 >. 78 
+ 23 20,600 10-18 ba 
3/16 19,520 17,200 5-6 C2-C2 
10 16,000 3 C2 — 100 
78 19,200 C3 60 5 100 
Plain Carbon Steel Transverse Spec imens 
in., O.2L% C, Fully-killed - 12 
125 24 1/8 45,000 0.0, 0.45 0.0L40 0.125 + 23 24,500 26-30 ~B2 4 
0.6 0.090 239 26 630 ( l 53 
175 26 & 3/16 08, 300 0609 21 232 3.7 +23 23,500 25-25 0.0: $2 
170 28 6 3/16 47,000 0.09 0.56 0.065 + 23 33,700 30 Cz 4 
15 2 10 16 25,500 0008 + 23 21,700 23 680 0.038 57 
175 3/16 21,100 0.08 0.36 0.040 0.062 243 +23 23,000 27 B2 $9 
200 26 10 3/16 34,000 0.080 0.121 2% +23 23,000 23-25 570 59 
SR (5.0 +23 22,050 21 B2 x 070515 
- 26 lb 1 + 23 25,050 34 
26 27.4 45,500 0.24 0.55 0.140 205 


175 
175 
175 
175 
200 


TABLE (CONTINUED) 


Plain Carbon Steel 


Plain Carbon Steel 


0-102 C, Rimmed - 


U4LC 


U66C 


U800 


U125 
U170 
U300 


UL10 


30 


30 


30 


23 
28 
32 
26 


‘Reg. notch 


26 


Reg. notch 


4 


20 


36 


4, 


Notch above plate 


6 


0.016" deep notch 


12.¢ 


0.032" deep notch 


14 
27.4 


l_in., 0.10% C, Cr-Ni-Cu - 


5/32 


5/32 


1/4 


Vs 


1/16 
1/16 
3/32 
3/16 


173,250 


125 


U170 


23 
28 


4 
Notch above plate 


6 


0.016" deep notch 


U300 32 12.6 
0.9032" deep notch 
26 14 
Reg. notch 

Uu800 26 2764 
Reg. notch 


1/16 


Ws 


1/2 in., 0.30% C, N.E. 8730 - 


1 in., 0.29% C, Fully-killed - 13 

150 26 5025 3/16 45,000 
150 26 12 3/16 19,500 
175 26 4 3/16 68,200 
175-26 6 3/16 500 
175s 26 3/16 125 
175-26 10 3/16 27,300 
175 26 12 3/16 =. 22, 750 
175 26 3/16 520 
200-26 7 3/16 45,000 
200 27 7.5 3/16 kb,200 
200 26 12 3/16 26,000 


132,000 


U200 
U200 
U200 
U200 
UL05 
U400 
UL00 
UL,00 
U700 
U800 
U800 


175 
175 


26 
26 


4 

8 
16 
32 

8 
16 
32 
64 
14 
32 
64 


Plain Carbon Steel 
in. 0.28% C, Fully-killed - 2 


4 
6 


3/16 
3/16 


256-s 


19,500 


68,250 
45,500 


0.24 


0.25 


0.28 


0.25 


0.05 
0.08 
0.09 
0.14 


0.25 


0.64 


0.51 


0.33 
0.50 
0.53 
0.56 
0.50 


0.40 
0.48 
0.56 
0.59 
0.58 


0.062 
0.031 
0.130 
0.070 
0.050 
0.040 
0.030 


0.030 


0.078 . 


0.062 
0.047 


0.30 


0.25 


0.17 


0.03 
0.06 
0.06 
0.10 


0.14 


0.04 
0.07 
0.06 
0.11 
0.15 


0.078 
0.031 453 
0.109 338 
0.078 404 
0.062 437 
0.047 452 
0.038 433 
0.031 463 
0.078 356 
0.078 349 
0.047 412 


0.250 197 


0.160 209 


0.050 220 


0.030 227 
0.062 
0,078 
0.093 
0.050 
0.931 


0.085 
0.062 
0,062 
0,062 


0.946 


O.141 327 
0.094 
0,063 528 
0.031 541 
0.31 282 
0.0 432 
0.03 504 
0.92 543 
0.22 304 
0.05 419 
0.03 526 


0.117 265 
0.094 305 


3.0 
3.4 


4.0 
369 
4.3 


2.3 


2.8 


403 
309 
4.0 


3.6 
hed 
6(?) 
4.6 
4.8 


Heat-Affected Angle 
Welding Technique Weld Nugget Zone at Type Lateral] 
Speed ia. ec. ion W Area Depth Avg. Grain Test Load Load Frac- Abs — 
Amps. Volts In./Min. Inches per In, In. In. In. In. Size Lb. Degrees ture 
Plain Carbon Steel a 
1/2 in., 0.24% C, Fully-killed - 12 e Transverse Specimens 
26 4 3/16 68, 300 0.09 0.64 0.094 0.219 201 3.1 +23 10,650 30 cl 404, f°) 
27 6 3/16 = 47,250 0.10 0.56 0.071 0.125 220 3.8 +23 14,300 26 cl 312 0.033 > 
26 10 3/16 26,800 0.09 0.40 0.050 0.078 228 4.8 +23 10,430 30 Bl 360 0.042 - 
26 1h 3/16 20,600 0.08 0.37 0.034 0.070 254 heb +23 9,980 28 A2 322 0.042 i 
26 10 3/16 31,400 O.1l 0.45 0.058 0.078 220 5.2 +23 10,500 32 A2 768 0.040 


Transverse Specimens 


+ 23 29,000 17 C2 520 0.032 60 
+23 27,200 13 cl 620 0.025 65 
-40 26,900 10 C2 290 0.01, 1, 
+ 23 25,800 13 C2 380 0.018 57 
- 40 25,200 7 220 0.008 
+23 25,000 C2 320 0.019 
140 24,000 6 C2 180 0.005 
+23 23,200 7 cl 280 0.017 
- 40 25,700 9 c2 270 0.013 1 
+ 23 25,000 12 cl 360 0.016 
-40 26,500 10 c2 300 0.018 


(9 in. Span) 
Transverse Specimens 


+ 23 


0.026 


+1 
wo 


- 40 15,960 36 C2 600 0.037 62 
- 78 15,640 24 0.023 75 
+ 23 15,100 64, AL 0.091 49 
- 78 17,060 60 AL 0.088 67 
+ 23 13, 360 C2-C2 508 0.934 
- 78 12,600 c2 1328 0.909 #4 
+ 23 14,140 C2-02 576 0,914.2 
- 78 13,420 13 C2 220 0.913 
+ 23 14,040 x% B2 530 0.039 
-78 15,140 25 C2 1440 0.020 
+23 15,280 38 c2 592 0.935 
- 78 15,680 23 c2 42k 0.922 


+ 23 28,200 60 Al 3,860 0.122 
-78 3,30 33 c2 1,070 0.950 
+ 23 22,900 21 A2 880 0.933 
- 78 20,900 3-7 C2-Cz 180 0,007 
+ 23 22,200 20 A2 860 0.037 
- 78 21,100 7 C2-C2 180 0.008 
+ 23 22,900 20 A2 88a 0,941 
-78 21,500 = 7 C2-c2 170 0.009 
+ 23 2h, 400 2 cl 760 0.933 a 
- 78 25,000 13 C2 370 0.917 ey 


No backup plate was used on these tests, 
Welds were transverse to direction of rolling on plate l 
inches square, 


Transverse Specinens 


RRR 


+f? 

af? 
19K 2 
70 
300 


220 


525 


550 


660 


y800 


“4 
paps. Vo 
~ wo 
1.10 
0.08 0.50 00 
0.32 
0.12 0.62 ao. 
0.10 0.47 | 
0.11 0.46 
0.09 
0.09 0.37 
0.09 0.37 = 
2 
0.1, 0.53 
0.21 0.53 25 
16 
15,000 32 1,50 0.031 
is -40 14,700 25 C2 390 0.022 7 
-78 14,200 12 C2 190 0.013 = 
6 +23 15,800 35 B2 520 0.036 55 
O 15,600 32 450 0.028 
-40 16,000 26 44,0 0.025 69 
Sh : - 78 13,900 10 C2 140 0.012 92 || 
u525 10 3/16 94, 500 0.23 0.84 0.22 0,090 207 3.5 +23 15,280 C2 620 0.041 53 
15,840 43 C2 680 0.040 
-40 14,680 28 C2 4436 0.027 
-78 15,400 22 ca 4,00 0.020 15 = 
— = 59,400 +23 15,200 42 Be 704, 0.054 
-40 15,860 34 c2 552 
15,500 2h c2 456 
) 15,960 42 C2 704 0.042 32 
43,125 
47,600 
46,500 
45,700 
— 45,500 
= 
3,125 0.06 246 
1/16 &7,, 600 0.11 243 be 
3/32 46,500 0.11 250 
3/16 =45,700 0.16 240 
MM 45,500 0,27 
x 
a 26 3/32 78,000 a 
26 3/32 39,000 
26 3/32 19,500 
26 3/32 «9,750 
26 l/s 78,900 r 
26 1/8 39,000 
26 1/8 19,500 
26 1/2 9,750 6 
26 3/16 78,000 
26 3/16 39,000 
26 yo 
0.13 0.52 0,082 3.9 +23 23,400 20 410 0,026 56 
ee 0.10 0.50 0.072 3.9 +23 25,200 23 550 0.033 53 : 
eae -40 20,200 16 340 0.022 69 
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Longitudinal Weld (Parallel to Direction of Rolling). 
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Heat-Affected Angle 
Ad ue 
Welding Technig) et Zone at Type Lateral 
: BIS Penetre Temp. of Max Max of Energy Contrac Rati 
ia. Watt-Sec, rain 4 
pe. Volt : : : Degrees ture Ft-lb,. In. 
175 26 8 3/1 34,125 0.09 0.055 0,086 325 3.8 + 23 <3 $10 0.033 52 
15 26 10 a gn 0.09 0.38 0.050 0.078 345 3.8 +23 22,500 17 C2 370 0.027 59 
175 26 12 Vib ci 0,08 0.35 0.035 0.070 3 3.6 + 23 22,000 20 C2 380 0.028 58 
5 a. a 4 42, 50 0.00 0.26 0.030 0.086 270 3.9 + 23 28,600 36 C2 990 0.065 lobe 
Too deep now 
170 «28 6 1/16 47,600 0.07 Ohh 0.061 0.094 273 +23 22.800 20 
300 60 0.09 0.56 0.064 0.094 268 +23 22,800 17 390 0.025 59 
os 6 5/32 106,600 0.21 0.80 0.20 0.109 251 + 23 20 C2 0.030 56 
26 14 3/16 45,600 0.13 0.60 0.091 0,066 265 4.6 +23 24,100 21 c2 460 0.025 55 
45 ,600 0.25 0.50 0.130 0.054 252 +23 27,700 32 B2 960 0.061 
20 28 15 3/16 23,500 0.12 0.37 0.040 0.054 380 +80 17,900 20 cl 4,60 0.026 57 
+50 22,300 20 C2 450 0.034 57 
+23 18,000 16 C2 310 0.025 ou 
-40 20,800 10 c2 230 0.016 78 
21,600 c2 210 0.012 86 
- 000 c2 130 0.007 
2 «210 3/16 39,600 0.12 0.48 0.057 0,086 365 +80 18,900 2 cl 500 0.037 
+50 21,200 18 c2 360 0.029 60 
+23 19,300 19 C2 300 0,026 57 
22,400 C2 250 0.017 73 
- © 22, 600 10 C2 260 0.015 80 
- 8, 300 5 C2 110 0.006 94 
ms 29 6  —-79,750 0.20 0.69 0.170 0.101 247 
385 «30 4 5/32 173,250 0.16 1.01 0.210 0.195 212 2.9 +80 24,400 20 Bl 780 0.04) 60 
+23 24,800 20 c2 450 0.026 62 
-40 22,000 8 c2 200 0.011 a8 
-78 24,000 5 c2 100 0.007 90 
6 5/32 132,000 0.17 0.9% 0.210 0.140 233 3.3 #100 22,500 Bl 720 0,031 59 
+23 25,300 18 C2 4.70 0.027 52 
-40 24,600 13 c2 370 0.021 723 
-78 24,500 7 c2 240 0.01 92 
3/16 500 0.19 0.62 0.176 0.101 240 36h +50 23,700 20 c2 560 0.040 57 
+23 25,000 21 C2 490 0,032 57 
- C2 350 0.021 73 
- 78  2h,400 c2 220 0.011 
3/16 49, 500 0.25 0.59 0.120 0,058 245 +50 25,600 27 B2 730 0.046 53 
+23 26,000 25 c2 620 0.033 5 
- 40 24,000 13 c2 340 0.021 72 
-78 24,200 8 C2 270 0.011 8g 
yoo 20 Vs 59,400 0.28 0.64 0.150 0.058 250 heb +80 25,100 26 Bl 770 0.040 48 
+23 26,500 26 c2 630 0.035 50 
- 40 23, 500 12 c2 300 0.016 7h 
4 0,005 93 
veo 3 3% Vi 40,000 0.25 0.115 0.042 256 +100 23,400 21 Bl 820 0.032 50 
+23 24,800 22 C2 510 0.025 51 
-40 23,200 12 C2 340 0.015 7 
| -78 23,000 7 C2 210 0,008 87 
NOTE: U = Unionmelt welds (No. 36 rod, 12 x 200 mesh - No. 20 melt). 
Copper back-up used except where noted, 
F - Open-arc welds (E-6020 electrode). 
All other welds open-arc (E-6010 electrode). 
Tests performed in order to determine the transition TABLE II (CONTDVUEL 
behavior of the base material have been reported in 
Part I Th l f h i i : RESULTS OF SLOW BEND TESTS ON NOTC PLATE 
' he results of the additional tests performed on _ 
base material are given in Table II. of this report. — 
= Type Lateral 
r Pec of kLnerg rac= i 
elding Technique Testing Lead Lead Frac- 
ec. Lb. Degrees ture Ft-lb, In. 
All welding was accomplished with automatically con- . 
trolled equipment. The complete techniques are de- 
scribed below for both of the processes employed and ae —~ een 
apply except as noted in Table II. 
+2 14,000 55 B2 920 0.137 47 
d. c. reverse; open-circuit voltage: 80 v.; 27 500 
ee diameter: as specified at given current levels. -120 32,600 & be 70 0.008 100 
_Open Are Process. Rod classification: A.W.S. E- 400 3 2 0.002 100 
6010 and E-6020. 
Unionmelt Process. Rod type: Oxweld No. 36; Plain Carbon Steel 
nionmelt composition: Grade No. 20 (12 x 200 mesh). ine, C, 23 
Specimens + 23 24,700 30 C2 Ta 0.084 47 
40 26, 60 28 Cz 7K 0,076 58 
The specimens welded were in the as-rolled condition 
and were of two types: 100 20,000 3 3 Pr 0.005 1M 
23, 200 5 10 0.005 
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Four- to 6-in. weld centered on 3- by 8- by '/2-in. or 3- by 
12- by l-in. specimen. In some of the higher heat inputs 
a larger section was used for the specimen during weld- 
ing; this was subsequently machined to size. 

Transverse Weld (Transverse to Direction of Rolling). 
Approximately 8-in. weld on 7- by 8- by '/s-in. or 7- by 
12- by 1-in. specimen (end tabs used for welding). 

All weld nugget specimens examined were !/.-in. sec- 
tions removed from the center of transverse welded speci- 
mens. Two test Specimens for bend tests were obtained 
from each transverse welded specimen. 


3. Grain Size Determination 

Photomicrographs (magnification, 100 X) were ob- 
tained showing the coarse grained portions of the heat- 
affected zone located directly below the weld nugget. 
The number of grains within a selected area were then 
counted and the grain size calculated. Originally, an 
area of 6 sq. in. was arbitrarily chosen for use on welds 
made with a selected welding technique of 175 amp., 26 v. 
and a speed of 6 in. per minute. This area represents an 
actual area 0.02 in. deep and 0.03 in. wide, the top being 
located on the fusion line between the weld nugget and 
heat-affected zone. It was found that this area was too 
small in cases where slower speeds and higher currents 
were used and too large when much faster speeds were 
used, because of the change in the depth of the heat- 
affected zone. Therefore, it was necessary to expand or 
contract the 6-sq. in. area so as to eliminate the very fine 
grains in cases of fast speeds or include more of the coarse 
grains in the cases of slower speeds. 


4. Hardness Determination 


All hardness results are the average of five readings 
taken along the perimeter of the heat-affected zone adja- 


COMPARISON OF STDELS \ELDGD WITH STANDARD TECHNIQUE 


Open Arc Single Bead Welds 


Heat~Affected 
Nugget 


“Copper Backing Plate Used 
— Maximum Vickers ilardness 


__ Zone 
Steel Thickness Arca Width Penetration Depth Avge 
in. Zc in. in. in. in. 
8 V2 0.15 0.061 9.49 0.09 0.136 238 
9 1 0.14 0.067 0.54 0.10 0.101 261 
10 V2 0.16 0.970 0.50 0.09 0.125 166 
1 0.066 0.52 0.09 0.109 196 
ll V2 0.19 0.064 0.49 0.09 0.125 209 
1 0.064 0.53 0.09 0.101 244 
12 1/2 0.24 0.067 0.52 0.09 0.125 20 
1 0.068 0.52 0.09 0.109 250 
13 V2 0.29 0.0467 0.52 0.09 0.125 265 
1 0.064 652 0.09 0.109 404 
16 1/2 0.16 0.064 0.53 0.09 0.140 186 
19 V2 0.10 0.062 0.52 9.09 0.1490 240 
1 0.52 0.09 0.117 259 
20 1/2 0.30 0.074 0.49 0.10 0.117 
23 1 0.28 0.072 0.50 0.10 0.094 305 
Unionmelt Simle Sead Welos 
10 1 0.16 0.06 0-47 0.09 0.062* 196 
16 3/4 0.16 0.06 0.50 0.08 0.078" 229 
19 i 0.10 0.07 0.48 0.11 0.062* 243 
23 1 0.28 ).06 0.07 0.094" 273 
Average 0.066 0.50 0.09 
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Fig. 6—Effect of Speed of Travel on Area of Nugget with Con. 


stant Energy Input of Approximately 45,000 Watt-Seconds per 
Inch at 26 V 


cent to the weld nugget. All readings were made using, 
Vickers Hardness Tester with a load of 10 kilograms 


B. Effect of a Selected Welding Technique on Dime. 
sions of the Weld Nugget and the Heat-Affected Zone 
for Various Steels 


A number of general definitions can be used for ing 
cating the various dimensions and areas observed on ay 
etched, cross section of a weld bead (Fig. 5). The are: 
representing the metal which has been molten during th: 
welding operation will be referred to as the nugget area 
Using a selected welding condition, a bead weld deposited 
on a series of steels covering the range of compositions 
commonly encountered in welded structures will show 
little or no change in nugget area. There is some tend 
ency for a decrease in nugget area for very low-carbor 
contents and, likewise, for high-carbon contents a ten- 
dency for increased nugget area has been noted. This is 
logically related to the solidus line in the iron-carbon dia 
gram. For a selected welding condition, linear dimen- 
sions of the weld nugget, such as penetration or width 
likewise, will show little or no change with base metal 
composition. 

Immediately adjacent to the nugget area in the plate 
material is a zone which has been raised to temperatures 
above the Ac, transformation temperature, so that during 
cooling by the adjacent plate material, changes in struc- 
ture occur. This zone is referred to, generally, as the 
heat-affected zone. The coarse structure immediate) 
adjacent to the weld deposit has been heated up to the 
solidus temperature of the base metal. This area is sub 
ject to grain coarsening because of the high temperature 
and to hardening because of the rapid cooling by the 
adjacent base metal. The grains in this area decrease in 
size as the distance from the fusion line is increased. The 
area in the lower part of the heat-affected zone has been 
heated to a temperature above the Ac), but below the 
Ac; temperature. The high-carbon areas in the micro 
structure will have been partially taken into solution. 
The outside edge of the heat-affected area which is ob- 
served on the etched macrosection will, during the weld- 
ing cycle, just reach the Ac, temperature which on slow 
heating would be approximately 1350° F. for most stand- 

ard $.A.E. steels. The area between the Ac, and 4G 
temperatures, of course, will decrease in higher carbon 
steels. 

In Table III the results using a selected welding tech- 
nique on a number of steels are given. The measure- 
ments made on the weld nugget are quite uniform. Vari. 
ation, however, was found in the depth of the heat-ai- 
fected zone, which seems to be sensitive to changes in thie 
properties of the steel and testing conditions. 
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Fig. 7 


C. Effect of Welding Technique on Various Param- 
eters Determined from the Bead Weld Deposit 


It has been seen from the discussion above that the 
width, penetration and area of the weld nugget, which is 
deposited using a selected welding technique, are consist- 
ent for the steels studied. It is of further interest to 
determine the effect of welding techniques other than the 
selected technique. In tests which were performed the 
current was varied from 125 to 800 amp. In most of the 
tests the voltage was maintained at 26 to 28 v. Both 
Unionmelt and open are processes were employed. 

1. Nugget Area 

In investigating the effect of speed of travel at a given 
energy input on the area of the nugget, the speed of travel 
was varied from 4 to 64 in. per minute. In Fig. 6 are 
shown the relationship between nugget area and speed of 
travel for speeds ranging from 4 to approximately 28 in. 
per minute for welds made at 45,000 watt-seconds per 
linear inch. It is to be noted that for the tests performed 
the nugget area varies from a low of approximately 0.04 
sq. in. with 125 amp., 24 v. and 4 in. per minute, to an 
area of 6.14 sq. in. for acurrent of S00 amp., 26 v. and 27.4 
in. per minute travel. In the zone of normal metal arc 
welding, a change from 6 to 12 in. per minute travel will 
increase the nugget area from approximately 0.06 to 
0.09 sq. in. The quantity of molten metal in the weld 
nugget can logically be expected to control the cooling 
rate and these results indicate that even within the range 
encountered in metallic arc welding, the cooling rate for a 
given energy level might be expected to be slower for the 
higher current, higher speed deposits. 
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z 
! EFFECT OF ENERGY INPUT ON 
8 ol PENETRATION OF WELD NUGGET FOR 
CONSTANT SPEEDS OF TRAVEL 
2.08 

ENERGY INPUT + (©0000 WATT-SECONDS PER INCH 
Fig. 9 


The two tests performed at 12.6 in. per minute in Fig. 
6 are results using the open are process, whereas, the re 
sults at 14 in. per minute are results using the Unionmelt 
process. Both Unionmelt and open are tests are shown 
for 4 and 6 in. per minute travel. No break or dispersion 
in results could be related to the process used. In fact, 
the nugget areas were equal for either the Unionmelt or 
metal open are process when identical welding current, 
voltage and speed of travel were employed. The diam- 
eter of electrode did not seem to be of consequence under 
the test conditions used. No effect of plate thickness on 
nugget area was noted for the techniques used either on 
'/>- or 1-in. plate, although it is expected that still higher 
currents would show a difference in tests made on !/»- 
and 1l-in. plate thickness. Further study of the results 
using various energy inputs shows a decided effect of 
speed of travel. A ae of curves results from such a 
study and consistently it was shown that for a pe 
energy a. the saaies area increases with speed « 
travel (Fig. 7 At the same time, of course, for a ies 
speed of fa the nugget area will increase with increase 
in current. 


2. Penetration 


From the results presented in Table II, it is possible to 
prepare the graph shown in Fig. 8, which shows the re- 
lationship of speed of travel to penetration at a given 
power input of 45,000 watt-seconds per linear inch. It is 
to be noted that the penetration below the original sur- 
face of the plate increases as the speed of travel and cur 
rent increase. By further study of the varying welding 
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mi | | a gradual increase in the width of the nuggy Frot 

| ue SPEED OF TRAVEL ON WIDTH of travel up to 14 in. per minute travel. fp, sivell 

| NUGGET higher speeds of travel, a slight decrease jy vet all 

> | the width of the weld nugget is again encoyp. “ is 
tered (Fig. 10). In a manner similar to thy 

2 oo of penetration measurements the Telation of The 
width of the weld nugget to welding technj. examy 
= WATT=SEC. PER INCH que can be presented as a family of curyg and s 
— (Fig. 11). signed 
: 4. Effect of Voltage on Characteristics of thy cvebe 
WATT—SEC. PER INCH Nugget a 
6 cre The data which are now available for th re of 
z | effect of voltage are meager. There is som J ,ither 
230 that an increase in the voltage J paran 
WATT SEC. PERN. ay not necessarily increase the nugget are py ch 

in proprtion to the increase in power input ‘ 

20 | In other words, it is indicated that an increay 9BS- 7 
i | | | | in the voltage may decrease the efficiency oj Th 
5 4 32 36 both the open are and U nionmelt processes creas 
nea o> In Table IV are presented a few data using JJ ener: 
Fig. 11 the Unionmelt process to indicate the effect I jt wi 


conditions, it is possible to establish the curves showing 
the general relationship between energy input and pene- 
tration (Fig. 9). It is to be noted that for a given energy 
input greater penetration is obtained for those techniques 
using high current and high speed of travel, whereas, less 
penetration is obtained with low currents and low speeds 
of travel. 

With an increase in the speed of travel difficulty may 
be encountered due to burning through of a given thick- 
ness of plate. For example, on Steel No. 20, '/2 in. 
thick, an attempt was made to weld at 800 amp. and a 
speed of 16 in. per minute (78,000 watt-seconds per inch) 
and burning through occurred. When the current was 
reduced to 700 amp. and the speed of travel to 14 in. per 
minute, even though the energy input remained the same, 
a successful weld bead was deposited. Therefore, there 
is a limit to the current and speed of travel which may be 
used to weld a given thickness of plate at a given level of 
energy input. This limit to the current and speed of 
travel will be lower for high energy inputs and higher for 
lower energy inputs. The limit will increase as the thick- 
ness of the plate is increased. 

From Fig. 9, it appears that a minimum energy input 
may be required before penetration takes place. For 
slow speeds of travel this energy is somewhat higher than 
for high speeds of travel. 

The practical significance of the preceding behavior can 
be illustrated by an example. Suppose that it is desired 
to produce a weld through the thickness of a '/2-in. thick 
plate by depositing a single bead on each side. From 
Fig. 9 at 6 in. per minute travel with 26 v. approximately 
14,000 watt-seconds per linear inch or 540 amp. will be re- 
quired to obtain full penetration. At 20 in. per minute 
travel with 26 v., approximately 60,000 watt-seconds per 
linear inch or 770 amp. will give full penetration. The 
advantage of high current, high speed of travel welding 
conditions is obvious. 

Insufficient data are available at the present time on 
the penetration of beads deposited in a groove or in a 
single pass fillet. There is some indication that the pene- 
tration at the root of a groove or fillet is less than that ob- 
tained on a flat plate. 


3. Width of Weld Nugget 


From the same group of observations it is also possible 
to show the effect of speed of travel on the width of the 
weld nugget for a given energy input. For a given 
energy input such as 45,000 watt-seconds per linear inch, 
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of voltage on a number of measurements from 


weld sections. 


TABLE IV 


EFFECT OF CHANGES IN VOLTAGE 


Welcing Technique Welc Nugget _ 
Current Speed unergy area Penetration fictn 
Amperes Volts in./min. Watt~sec./ine Sq. ine in. iy 


Constant Energy Input 
(Unionmelt Single Bead Vielc-) 


Steel No. 20 


in., 0.30% C, N.E.8730 


290 36 38,000 0.05 52 
400 26 38,000 0.17 +58 
200 26 8.2 38,000 0.06 0,11 1039 
400 36 2267 38,000 0.07 0.16 1056 : 
Constant Current and Speed i 
(Unionmelt Single Bead Butt Welds) ! 
Plain Carbon Steel i 
1/2 ine, 0.23% C, Fully-killed : 
500 22 30.0 22,000 0.063 0.14 41 
500 25 RO 25,000 0.066 0.15 43 
31 30.0 31,000 0.076 0.17 
500 33 30.0 33,000 0.077 0.18 +49 
500. 38 38,000 0.088 0.19 52 
TABLE V 
EFFECT OF WELDING TECHNIQUE ON UTILIZATION OF ENERGY 
Steel No. 9 
L ines Cy Un-V-Ti 
Energy Energy 
Amps. Volts Ine/min. Watt-Sece/ine _ Calories _ Calories __# 
125 ak 4.0 45,000 10,800 1,770 lo 
175 27 6.0 45,500 10,920 2,775 25 
300 32 12.6 46,500 11,160 3,945 35 
410 26 14.0 454700 10,970 by 245 39 
800 26 27 ok 455500 10,920 5,830 53 
* 0,24 times watt=—seconds ver linear inch inpute 
#* Caleulated from estimated 150,000 calorie requirement to melt one 
pound of trons 
MAY 
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From the data which are available, an increase in the 
voltage with an accompanying decrease in current for a 
sven energy input will decrease the area of the weld nug- 
vet and the penetration. In other words, more efficient 
use is made of the energy for welds deposited at 26 v. 
than at 36 v. for equal watt-seconds per linear inch input. 

The effect of changes in voltage on penetration, for 
example, is of practical importance. For a given current 
and speed of travel an electrode of the E-6013 class, de- 
signed to operate with a short are of approximately 23 v., 
will have less penetration than an E-6010 electrode de- 
signed to operate at approximately 26 v. Ina like man- 
ner, an E-6020 electrode, designed to operate with a long 
we of about 30 v., will show greater penetration than 
either the E-6010 or E-6013 type of electrode. Other 
parameters of the weld nugget will likewise be influenced 
by changes in voltage. 

5. Efficiency 

The energy required to deposit a given nugget will de- 

crease as the current and speed of travel increase. If the 


energy required to melt a cubic inch of steel is calculated, 
it will then be possible to compare the efficiency which is 


8 
| 
z 
1 5 10 50 100 
SPEED OF TRAVEL INCHES PER MINUTE 
Fig. 12—Effect of Speed of Travel on Heat Used to Melt Weld 


Nugget. All Tests at 45,000 Watt-Seconds per Inch 


obtained by various welding techniques. For a first 
approximation, it can be shown that 150,000* calories 
are required to melt 1 lb. of weld metal at 100% effi- 
ciency. In Table V, using the data obtained from welds 
made on Steel No. 9, a comparison of the efficiency for 
various welding techniques is shown for a constant energy 
input of approximately 45,500 watt-seconds per linear 
inch. Figure 12 shows the relationship graphically. For 
low current and low speeds of travel considerable energy 
is dissipated to the plate. For high currents and high 
speeds more of the energy is restricted to the weld nug- 
get. 


D. Effect of Welding Technique on Various Pa- 
rameters Related to the Specific Steel Investigated 


The above section has dealt with those parameters 
which have more or less general application to all steels 
lor welding. These have been physical measurements 
which depend upon the transfer of molten metal and the 

* This result is obtained if it is assumed that the specific heat of iron is 0.17 
calorie per gram for the weld metal over a range of temperature from room to 
1600° C, and 65 calories per gram as the heat of fusion of iron. The use of 


other constants will change the numerical values but will not change the dis 
cussion of efficiency. 
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Fig. 13—-Effect of Nugget Area on Maximum Vickers Hardness 
Number 


melting characteristics of the base metal. The following 
section will deal with those changes which are only appli- 
cable to the particular steel being investigated. 


1. Relation of Nugget Area to Maximum Hardness in the 
HTeat-A ffected Zone 


It is seen from the above discussion that a selected 
welding technique employing 175 amp., 26 v., and 6 in. 
per minute travel will produce a nugget area of approxi- 
mately 0.06 sq.in. From other studies, which are avail- 
able with this technique,’ the thermal cycle adjacent to 
the molten metal deposit has been determined. The 
temperature in the base metal at the fusion line rises 
from ambient temperature to 1450° C. in approximately 
7 sec. The cooling cycle on '/:-in. thick plate is such 
that it takes 15 sec. for this point to cool to 500° C. This 
gives an average cooling rate of approximately 65° C. per 
sec. The cooling rate attained in this area for other 
welding techniques will be controlled by the size of the 
nugget area. It is logical to assume that cooling rate will 
be slower for those weld beads in which the nugget of 
molten metal is larger and, by the same token, as the 
nugget area is decreased the cooling rate in the heat- 
affected zone will become more drastic. Since the cool- 
ing rate will control the hardness attained in the heat- 
affected zone , it should be possible to show a relationship 
between nugget area and maximum Vickers hardness. 
This has been done in Fig. 13 for Steel No. 9. The shape 
of the curve which is established will be controlled by the 
contour of the upper portion of the transformation curve. 
It would be helpful if transformation curves were avail- 
able for continuous cooling on all of the steels which have 
been studied. The technique, however, for obtaining 
such curves is not too well developed, and such informa 
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tion is not readily available. A steel very similar to 
that shown in Fig. 13 has been studied in a recent pub- 
lication? and transformation behavior on continuous 
cooling is shown in Fig. 14. It is interesting to note a 
striking similarity between the relation of nugget area to 
maximum Vickers hardness shown in Fig. 13, and the 
upper portion (drawn as a heavy line) of the transforma- 
tional diagram (Fig. 14). Obviously, the cooling rate 
associated with the small nugget areas has almost reached 
a critical cooling rate for the steel under study. A num- 
ber of other steels which were studied are shown in Figs. 
15 to 18. From the above relationships shown for a 
number of steels with a fair amount of carbon and alloy 
content, it might be deduced that other steels with very 
high critical cooling rates would show little or no change 
in the maximum Vickers hardness if the nugget area is 
decreased. That this expectation is justified is shown in 
Figs. 19 to 21, in which little or no change in the maximum 
Vickers hardness is attained with large changes in nugget 
area. This sort of analysis enables us to understand 
some of the discontinuities that are sometimes encoun- 
tered in energy input vs. maximum heat-affected zone 
hardness. 


2. Grain Size 


From hardenability concepts it is expected that an 
increase in the grain size in the heat-affected zone for a 
given steel with a given cooling rate will tend to increase 
the maximum Vickers hardness. Low speeds of travel 
will, in general, increase the tendency for grain growth. 
In welding various steels with any selected welding tech- 
nique a variation in grain size in the heat-affected zone 
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will be found. The grain size in the heat-affected zy; 

will influence the hardness which is obtained in the heat 

affected zone as the structure is cooled. Larger graiy 
size, in general, for the same carbon content and cooling 
rate will show higher maximum hardness. This again js 
a specific characteristic for each steel. In Fig. 22 js 
shown the change in grain size for Steel No. 12 as th 
speed of travel is changed from 4 to 27.4 in. per minut 
with a constant energy input of 45,000 watt-seconds per 
linear inch. A second steel with vanadium as a grai 
refining addition indicates little or no change in grai: 
size over the same range of welding conditions (Fig. 32 

Since am increase in grain size will tend to raise the em. 
brittling temperature, the beneficial effect of a small van. 
adium addition which restricts grain growth is obvious 
For normalized plate material with a yield strength oi 
approximately 50,000 psi., the plain carbon steel No. 4-75 
(see Part I) shows an embrittling temperature of —90° C. 
compared with— 125° C. forthe vanadium-bearing steel 
No. 4-117. Inalike manner in the welded condition, the 
embrittling temperature of the normalized vanadium 
bearing steelis —60° C., compared with —20° C. fora 
carbon steel with equal yield strength. It has not been 
possible to establish a general relationship between the 
grain size and the welding technique which will include 
all steels since the response to grain-coarsening treatment 
will be a characteristic of each steel. Grain size, as well 
as the maximum Vickers hardness will, however, influ- 
ence the transition behavior of the welded specimens for 
any particular steel. 


3. Role of Hardenability 


Some effort has been made to correlate the results o! 
end-quench hardenability test results with the maximum 
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Fig. 23—Effect of Speed of Travel on Grain Size in Heat- 
ffected Zone 


Vickers hardness. If the cooling rate in the heat-affected 
zone is determined by the weld nugget area and if the 
cooling rate at a point in the end-quench hardenability 
bar is determined by the distance from the quenched end, 
then, it should be possible to express the cooling rate 
associated with a given nugget area in terms of a distance 
from the quenched end of the end-quench hardenability 
bar. This can best be handled by measuring the maxi- 
mum Vickers hardness and grain size in the heat-affected 
zone and correcting the hardness to the grain size of the 
hardenability bar. The equivalent distance on the end- 
quench hardenability bar can then be determined. In 
order to correct for grain size it is most convenient to use 
the relations developed by Crafts and Lamont*®. Using 
the data which are available, the data shown in Fig. 24 
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have been obtained. A considerable scatter is obtained 
in the relationship between nugget area and distance on 
the end-quenched hardenability bar. It is felt that this 
scatter would be decreased and the results would be more 
in line if end-quench hardenability data were available for 
bars heated to various maximum temperatures for grain 
coarsening and quenched from a standard temperature. 
In this way it would be possible to measure the distance 
along the hardenability bar in terms of nugget area with- 
out correcting for grain size. There is some indication 
that the results on '/,- and 1-in. thick plates are similar for 
a nugget size below approximately 0.08 sq. in. Above 
this area the nugget area is of such a size that there is 
insufficient metal through the '/, in. thickness to cool the 
area in the heat-affected zone. A similar effect on 1-in. 
thick plate is observed above 0.18 sq. in. nugget area. 


4. Depth of Heat-A ffected Zone 


Accompanying the changes in penetration and nugget 
size will be a change in the depth or width of the heat- 
affected zone. This change in depth will indicate the 
gradient from the maximum temperature of the molten 
weld metal in the nugget to the ambient temperature of 
the base metal. The relationshtp of the depth of the 
heat-affected zone to welding technique is shown in Fig. 
25. Itis to be noted that the depth of the heat-affected 
zone, in general, decreases for a given energy input with 
an increase in current and speed of travel. 

It has not been possible to establish a general relation- 
ship showing the effect of speed of travel for various 
energy levels on the depth of the heat-affected zone. For 
any particular energy level the depth of the heat-affected 
zone decreases as the speed of travel increases. In 
actual practice considerable scatter is to be expected in 
the measurements of the depth of the heat-affected zone 
as variations in welding technique, in thickness of the 
plate or in the environment of the test plate, will influ- 
ence the results. The depth of the heat-affected zone 
will decrease for a given welding technique as the thick- 
ness of the plate increases. The use of either an iron or 
copper back-up strip will essentially be similar to an in- 
crease in the thickness of the plate and consequently will 
decrease the width of the heat-affected zone. Any in- 
crease in the thermal conductivity will increase the 
depth of the heat-affected zone. Since thermal conduc- 
tivity decreases as carbon increases and increases rapidly 
with a rise in temperature it is obvious that the relation- 
ships are complex and that the depth of the heat-affected 
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zone may be affected by changes in any of the variabj. 
in the welding technique, size of test specimen employ, 
or composition. 


E. The Relation of Maximum Vickers Hardness, G;,;, 
Size and Distribution of the Heat-Affected Zone j, 
Transition Behavior 


It is sometimes rather difficult to separate the varioy 
factors which influence the transition behavior oj 
welded specimen. Usually the hardness and grain gj, 
are related to the distribution of the heat-affected gy, 
so that it is difficult to obtain tests with any of the yay 
ables held constant. In a series of transverse hex; 
welded tests on Steel No. 16, it was noted that with , = 
slight decrease in the maximum Vickers hardness in th, 
heat-affected zone, the embrittling temperature wa 
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Fig. 26—Effect of Depth of Heat-Affected Zone on Embrittling 
Temperature 


raised almost 100° C. (Fig. 26). Further study of these 
tests showed an increase in the depth or width of the 
heat-affected zone as the embrittling temperature was 
raised. In other words, in spite of the fact that the 
hardness was decreased somewhat, the embrittling tem- 
perature was raised as the width in the heat-affected 
zone was increased. The most desirable performance, 
from the standpoint of embrittling temperature, was 
observed for those specimens which were prepared using 
high current and high speeds of travel. High currents 
and high speeds of travel consistently gave the lowest 
maximum Vickers hardness, the narrowest heat-affected 
zone and the least grain growth. 

It has been impossible to obtain direct information 
regarding the effect of grain size on the embrittling 
temperature for any given steel. As the grain size in the 
heat-affected zone is increased the hardness usually <e- 
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Fig. 27—Relation of Transition Temperature and Maximum Vickers 
Hardness for Welded Specimens on As-Rolled Plate 


creases because of the difference in the cooling rate. It 
is to be noted, however, that the hardness in the heat- 
affected zone for a given cooling rate will be less for finer- 
grained structures. If the hardness is the same and the 
width of the heat-affected zone does not change, it is felt 
that the coarse-grained structures will generally show a 
higher emaberttlin g temperature. 

In Fig. 27 the relationship of the maximum Vickers 
hardness to embrittling temperature has been plotted for 
welded specimens on as-received plate using longitudinal 
and transverse types of bead weld specimens with a 
standard welding technique, hence, with uniform dimen- 
sions for the heat-affected zone and weld nugget. Con- 
siderable scatter can probably be explained by the fact 
that for the lower values, the quality of the softer portions 
of the heat-affected zone probably controls the behavior 
of the specimen more than the higher hardness portion. 
The scatter was increased for the tests made on nor- 
malized plate (Fig. 28). This was contrary to the results 
which were anticipated. 


F. Summary 


In the welding of readily weldable steels such as those 
shown in Figs. 19 to 21, little difficulty is expected due to 
hardening and cracking. Hence, few restrictions will 
be imposed upon the nugget area, that is, the nugget 
area may be as small or large as practical without chang- 
ing the maximum Vickers hardness. High speeds of 
travel in such steels would produce a weld of a desired 
penetration most efficiently. For example, from data 
which are available the fe lowing table can be estimated 
for a constant penetration of 0.25 in. 

It is to be noted that approximately one-seventh of the 
energy is required for the welding technique employing a 
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Fig. 28—Relation of Transition Temperature and Maximum 
Vickers Hardness for Welded Specimens on Normalized Plate 


Speed of Energy Nugget 
Travel, Input, Area, 
In./Min. Watt-Sec./In. Sq. In 
4 170,000 0.24 
120,000 0.22 
16 80,000 0.20 
32 55,000 0.18 
64 25,000 0.14 


speed of travel of 64 in. per minute, as compared to the 
welding technique employing a speed of travel of 4 in. per 
minute. The depth and grain size of the heat-affected 
zone would decrease as the speed of travel is increased, 
thus improving the embrittling temperature. 

One precautionary statement must be made. In the 
welding of alloy steels with high hardening character 
istics, increased hardness may result from the higher 
cooling rate accompanying the decreased nugget area. 
In such steels in order to avoid excessive hardening and 
cracking it may be necessary to restrict the nugget area 
to a certain minimum value. For example, in Steel No. 
13, Fig. 18, it might be desirable to restrict the maximum 
hardness in the heat-affected zone to 300 Vickers. In 
this case the nugget area should not be permitted to de 
crease below approximately 0.15 sq. im. This, in turn, 
would restrict the speed of travel to slightly over 32 in. 
per minute with an energy input of approximately 50,000 
watt-seconds per linear inch. The most efficient weld, 
however, will be made with that welding technique giving 
the minimum required nugget area and caahaian the 
maximum speed of travel. The use of slower speeds of 
travel will increase the depth of the heat-affected zone, 
thus raising the embrittling temperature and decreasing 
the efficiency of the welding process. 
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G. Conclusions 


As a result of this investigation, the following con- 
clusions are indicated: 

1. For the same applicable welding conditions using 
either open metal arc or submerged melt (Unionmelt) 
processes on a number of welding steels, the area and 
distribution of the weld nuggets are approximately equal. 

2. Fora standard welding technique on a number of 
welding steels, the depth of the heat-affected zone seems 
to be sensitive to changes in the thermal properties and 
environment of the steel. 

3. For any given energy input per linear inch, the 
nugget area increases as the speed of travel is increased. 

4. For any given energy input per linear inch, the 
weld nugget penetration increases as the speed of travel 
is increased. 

5. For any given energy input per linear inch, the 
width of the weld nugget increases to a maximum and 
decreases as the speed of travel and current is increased. 

6. From the data which are available, it appears that 
an increase in the voltage for a given energy input will 
decrease the area of the weld nugget and the penetration. 

7. The energy required to deposit a given nugget will 
decrease as the current and speed of travel increases. 

8. An increase in the grain size in the heat-affected 
zone for a given steel with a given cooling rate will tend 
to increase the maximum Vickers hardness. 

9. The depth of the heat-affected zone, in general, 
decreases for a given energy input per linear inch with an 
increase in current and speed of travel. 

10. The temperature of transition from ductile to 
brittle fracture for a given steel as measured by notched- 
bead, slow-bend specimens decreases with the hardness 
of the heat-affected zone, the grain size in the heat- 
affected zone, and the depth of the heat-affected zone, 
each factor operating independently. 

11. Small additions of vanadium restrict grain growth 
in the heat-affected zone over a wide range of welding 
conditions, thus improving the transition behavior over 
that expected for plain carbon steels with equal yield 
strength. 

12. Since the hardness, grain size and depth of the 
heat-affected zone are controlled by the area of the weld 
nugget and the speed of travel, improved transition be- 


havior is expected for high currents and high speeds of 
travel. 


The questions which were raised in the two cases jn the 
introduction can now be answered. 

Case I. For a given energy input per unit length 
high speeds and high currents produce a larger wei; 
nugget than low speeds and low currents. The hardne« 
in the heat-affected zone is related to the area of the wel, 
nugget and dependent upon the transformation, 
characteristics of the steel, hence, lower hardness 
expected for high-current and high-speed welding tec), 
niques. 

Case II. The temperature for transition from ductij 
to brittle fracture for welded specimens is raised by: 


(a) An increase in the maximum Vickers hardne« 
of the heat-affected zone. 

(6) An increase in the grain size in the heat-affecte; 
zone. 

(c) An increase in the width of the heat-affected zon 
across which the fracture propagates. 


These factors may act independently; for example, ; 
decrease in the width of the heat-affected zone may 
compensate for an increase in maximum Vickers hard. 
ness, thus leaving the embrittling temperature unchange; 
for two or more sets of specimens prepared with different 
welding techniques. 
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The Brittle Transition Temperatures of Various 


Low-Carbon Steels Welded by the Same Method’ 


By N. Grossman! and C. W. MacGregor! 


Abstract 


Seven low-carbon steels, including 
rimmed, semikilled, fully killed and low- 
loy high-tensile steels were investigated 
1s to the distribution of the transition 
temperatures for different locations from 
the center line of the weld. All of the 
olates were welded by the same procedure, 
namely by the Unionmelt process. 

The tests indicated that the weld metal 
was, in all cases, more ductile than the 
est base-plate material. The most 
ittle position was located at 1 in. from 
the weld center line, or '/, in. from the 
.dge of the heat-affected zone. 

The transition temperatures of the weld 
metals varied from —95° to —180° F., 
vhile the transition temperatures of the 
ase-plate materials varied from —50° to 
-—68° F. Also the transition temperatures 
in the most brittle locations varied from 
~—30° to —55° F. The semikilled steel was 
worse than the rimmed steel for the most 
brittle region. 


Introduction 


YSING the technique conceived by de 
Forest,' effects of various welding 
processes on the transition temperatures of 
a single base-plate material have been 
described previously.2 The present paper 
reports a study of the transition tempera- 


* Submitted for publication to Welding Re- 
search Council, Feb. 25, 1948. 

t Department of Mechanical Engineering, 
Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts. 


tures of several low-carbon steels, includ- 
ing rimmed, semikilled, fully killed and 
low-alloy high-strength steels, welded by 
the same method, namely the Unionmelt 
process. 


Materials Tested 


Seven low-carbon hot-rolled steel plates, 
having the chemical analyses and routine 
physical properties listed in Table 1, were 
selected for this study. The plates were 
24 x 15 x 1 in. and were tested in the as- 
rolled condition. Photomicrographs of the 
base plate materials are included in Fig. 1. 
The direction of rolling was parallel to the 
15-in. dimension (cf. Fig. 3). The plates 
were then cut in halves along the lengthwise 
direction and two 45° double ‘‘Vee”’ 
bevels were machined °/,, in. deep on one 
side and */; in. deep on the other, having a 
5/,.-in. root face. The plates were welded 
by the Unionmelt process transverse to the 
rolling direction. This welding method 
was employed to eliminate the personal 
variations of hand-welding and because of 
the favorable transition temperature prop- 
erties of the weld metal.? The plates were 
welded in two batches and the welding 
data are listed in Table 2. Table 3 gives 
typical chemical analyses and hardness 
data for the weld metal taken from the 
welds in the various plates. Photomicro- 
graphs of the weld metal and heat-affected 
zones are shown in Fig. 2. 


Preparation of Specimens 


The plates were planed flat after the 
welding was completed to remove the weld 
projections. The test bars were then cut 
from the plate by a wet cut-off wheel which 
kept the machining temperature well be 
low the boiling point of water. This pre- 
caution was taken to prevent any undue 
heating of the weld or adjacent metal 
After the plate was cut into l-in. square 
bars 16 in. long, the center of the weld was 
located by a 10% Nital etch and the notch 
position marked at the desired distance 
from the center line. The bars were cut to 
proper length and the notches milled. 
Care was taken to locate all the notches 
from the same side of the plate, thus assur- 
ing similar locations with respect to the 
weld. The locations and dimensions of the 
specimens are shown in Figs. 3 and 4. All 
the plates except G were 1-in. in thickness. 
Plate G was 1'/, in. thick as-rolled, and 
since numerous tests of a similar nature 
were previously performed on this ma- 
terial under the auspices of the National 
Bureau of Standards, it seemed desirable 
to include it in the present study. In order 
to avoid any change of specimen size and 
thus introduce unknown size effects, it was 
decided to plane the steel plate to a thick- 
ness of lin. Only one side was planed and 
the plate was then welded as described 
above. The notches were machined from 
the side of the original rolled surface. 


Table 1—Chemical Analyses and Physical Properties of Base Plates 


Plate Type Cc Mn P Ss Si Al Ni Cu Mo Cr Ti v Hardness, R, Tensile 
Range Average Test 
A Semi-killed |.23 -48 | .008 | .031 | .052 | .002 | .028 e015 | .O1 | .027 oe -- | 67-69 68 --- 
18 | 1.09] .017 | .022| .16 | .002 12 22 |.025 04} -- -- | 77-84 | 80 --- 
HighTensile . . . . . 
C. Navy High ell | 1.13 | .017 |°.025 002 215 eid 16025 | 052 | .032 | 73-81 80 --- 
Tensile 
F Fully killed | 5 0 018 19 iii am anol «« -- -- -- | 76-79 78 --- 
Firebox quality’ 3 | 2038 | 
G Fully killed -7 
A-1 Box girder 229 | .022 2029} .21 203 207 03 67-78 74 
K | Fully killed | .42|.016 | .031| .22 -- -- --| -|- -- | 76-80 | 77 
Firebox quality Elong. 31% 
R Rimmed | .018 | .036 | 004 -- | .16 | -- | 060 | -- -- | 69-72 | 71 W¥.P.37500psi 
Open hearth- T;S.61700psi 
deoxidation Elong. 27% 
practice 
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STEEL R (at rim) 


Fig. 1--Photomicrographs of Base Plates. 


3% Nital Etch. X 200 
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While some objections may be raised a., 
the justification of such a procedure , 
should be pointed out that steel G wy... 
fully killed mild steel and while the aj. 
lute transition temperatures may or May 
not have been changed, the over-all ef. 
introduced by welding remained , 
changed. The same practice of milling th 
plates was carried out at the Battely 
Memorial Institute on C-Mn ste, 
George G. Luther of N.R.L. felt this », 
cedure was allowable with a fully {jj 
steel,* and his opinion was confirmed }y 
Clarence E. Jackson‘ of the Union Carbs. 
and Carbide Research Laboratories 


Apparatus and Testing Procedure 


A detailed description of the apparaty; 
and the experimental technique has bee, 
given previously’: ? and only a brief outline 
of it is included here. 

The testing equipment is designed ty 
load a specimen in simple bending at , 
given uniform speed and temperature ap 
to supply a load-deflection record of th 
test. AB-7,SR-4 electric strain gages cop 
nected in a bridge circuit are used to 
measure both the load and deflection. Th, 
integral parts of the apparatus include th 
loading machine with strain gages, th 
thermocouple and millivoltmeter, sto; 
watch, electronic recorder and a stil! 
camera. 

The loading device is a lever systen 
which transmits the load to the specimen 
resting on a suitable support. The sup. 
port, specimen and electric strain gages ar 
housed in an Aminco ‘‘Sub-zero Test 
Cabinet.’’ The cabinet can be cooled t 
—100° F. by forced circulation of dry ice 
and the specimen can be further cooled by 
pouring liquid nitrogen around it. 

The time of testing is measured either 
by the axis of the electronic recorder 
which places a “‘dot’’ on the load-deflection 
record at regular time intervals, or by a 
stop watch at the slower speeds. 

An a.-c. bridge system is employe 
whereby a 5500-cps. voltage is introduce 
into the load bridge and the deflection 
bridge, with the resulting unbalance fron 
loading or deflecting detected, amplifie 
and transmitted to a 3FPI tube. A 
record is made with a still camera. The 
load bridge and the deflection bridge con 
tain an AB-7, SR-4 strain gage in each ol 
the four arms. 

The notched test specimens were freely 
supported on knife edges 5'/2 in. apart 
with the notch in the middle of one sid 
perpendicular to the longitudinal axis 
The load was applied in the center of the 
bar on the side opposite the notch. 

The specimen was first cooled to a tem- 
perature that was expected to be slightly 
above the ductile-brittle transition tem 
perature. On applying the load at a con 
stant deflection rate at this temperatur 
and if the load-deflection record showed 4 
departure from linearity, this indicated 
that yielding had occurred and that the 
specimen was still in the ductile condition 
The test was then stopped and the same 
procedure was repeated at a lower tell 
perature, a separate record being obtained 
for each test. This was carried out until 
the specimen failed with a very slight 
amount of yielding. A new specimen ws 
then tested at the same speed but at 4 
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raised ac, lower temperature to eliminate the possible 


ocedure 5 Table 2—Welding Data effects of the cold-working of the probing 


el G Was a Average Lb./Ft specimen. This procedure was repeated 
© the ab Speed of Weld , until the exact transition temperature was 
@Y OF may Plate Designation Weld No. Side Amp. Volts In.per Min. Rod  Unionmelt determined 
Tall effg Te Ce 1 975 32 15 0.38 0.37 If the first test had shown a brittle fail 
lined yp ay 2 1200 33 11 0.70 0.60 ure, the method would have been reversed 
Milling thy a G&S 15620 l 950) 32 15 0) 46 0 34 by proceeding to a higher temperature 
© Batted 15629 2 1200 32 11 0.09 0.70 The advantage of starting above the tran 
steck sition temperature is that the same speci 
It this p Welding power: Alternating current. I nionmelt ; 80-grade, 20 by D mesh. Melt men can be used for several trials until 
ully kil} wurden: Ist side, 5/sin.; 2nd side,7/sin. Welding rod: '!/,in. diam., Oxweld No. 36 final failure. 
firmed by The transition temperature so detet 
on Carbo, mined is thus the highest temperature at a 
les constant strain rate for which the material 
ceases all macroscopic ductile behavior as 
edure Weld Deposit — revealed by the load-deflection curve. In 
c = a the present tests all of the transition tem 
apparaty; peratures for the various steels tested were 
has beer determined at the same strain rate (deflec 
lef outline tion rate). Since the geometry (con 


straint) and the strain rate were the same 
for all specimens, the results therefore 
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show the influence of material effects on 


the transition temperature only 


Results 


Table 4 gives a summary of the results 


obtained for the seven low-carbon steels 


and the values of transition temperature 
listed in this table are plotted in Fig. 5, a 
a function of the distance from the center 
line of the weld. These were, of course, 


determined by placing the root of the 


T System notch at each of these locations 
specimen 
The sup. 
ages are 
Pro Test 
‘ooled 
f dry ice 
ooled by 


An examination of Table 4 and Fig. 5 
reveals several interesting feature At 
the center of the weld, the transition 
temperatures vary from —9%5° F. for steel 
C to —180° F. for steel R, a spread of 85 
F. Although this spread may be due to 
various factors, Table 3 indicates that 
variations in both the Mn/C ratios and 


“either 
recorder 
eflectior 
or bya 


be re sponsible 


the nitrogen contents may 
although further tests are necessary to 
definitely establish this 

The Mn/C ratios for plates, C, K, Gand 
R are 9.4), 7.7, 6.3 and 4.6, respectively. 
The transition temperatures at the center 
of the weld for these plats are 95 
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Fig. 3-Location of Specimens in Welded 
3% Nital Etch. xX 200 Plate 


Fig. 2—-Photomicrographs of Weld Metal. 
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— 122° -—153° and —180° F., respectively 
(i.e., in the same order as the Mn/C ratios). 
Similarly, Table 3 shows that the nitrogen 
contents of plates C, K and R are 0.0122, 
0.0072, 0.00493 or also in the same order 
as the transition temperatures. Since the 
weld metal of the original rod used was 
presumably the same, the difference in 
chemical analysis of the weld metal shown 
in Table 3 for the various plates may sbe 
due to carbon or other pickup during weld- 
ing. It should be emphasized, however, 
that the highest transition temperature 
for the center of the weld of —95° F. is 
much lower than the transition tempera- 
ture of the best unaffected base plate (Steel 
K) where the transition temperature is 
—68° F. Thus, in spite of the considera- 
ble fluctuation in the transition tempera- 
ture of the weld metal as laid it is still con- 
siderably more ductile than the unaffected 
base plate. 

Figure 5 also shows that the unaffected 
base plates at 4'/, in. from the weld center 


.show a smaller variation in transition 


temperature. Here the highest is —50° F. 
and the lowest —68° F. As found before,? 
all steels except R showed that the transi- 
tion temperatures were highest 1 in. from 
the weld center or about '/2 in. from the 
edge of the heat-affected zone. Steel R 
indicated a maximum at a distance of 2 in. 
from the center. 


Summary 


Seven low-carbon steels, including rim- 
med, semikilled, fully killed and low-alloy 
high-tensile steels were investigated as to 
the distribution of the transition tempera- 
tures for different locations from the center 
line of the weld. All of the plates were 
welded by the same procedure namely by 
the Unionmelt process. 

The tests indicated that the weld metal 
was, in all cases, more ductile than the 
best base-plate material. The most 
brittle position was located at 1 in. from 
the weld center line, or '/: in. from the 
edge of the heat-affected zone. 

The transition temperatures of the weld 
metals varied from —95° to —180° F. 
while the transition temperatures of the 
base-plate materials varied from —50° to 


Fig. 4 -Notched Bar Specimen 


—68° F. Also the transition tempera- 
tures in the most brittle locations varied 
from —30° to —55° F. The semikilled 
steel was worse than the rimmed steel for 
the most brittle region. 


Acknowledgment 


The authors wish to express their appre- 
ciation to the Welding Research Council 
and especially to A. B. Kinzel and W. 
Spraragen for their enthusiastic support of 
the work. The steel plates were procured 
by C. E. Jackson, G. G. Luther, and L. P. 
McAllister. The welding was performed 
at the Union Carbon and Carbide Re- 
search Laboratories, and the machining 
carried out by T. A. Edwardsen, A. Camp- 
bell and G. Brown. L. W. Spillane as- 
sisted in conducting many of the experi- 
ments. 


Bibliography 


1. Shepler, P. R., “de Forest Brittle Tem- 
perature Research,”’ THe JOURNAL, 
25 (6), Research Suppl., 321-s to 332-s (1946). 

2. Grossman, N., and Shepler, P. R., “The 
Effect of Welding Technique on the Brittle 
Transition Temperature.”’ Jbid., 26 (6), Research 
Suppl., 321-s to 331-s (1947). 


. Luther, G. G., private communication, 
Jan. 30, 1947. 


4. Jackson, C. E., private communication, 
Feb, 11, 1947. 


Appendix 


Several welded plates were tested to de- 
termine the distance from the center of the 
weld for which the transition temperature 
of the base plate was unaffected by the 
welding operation. 

In the present study, the transition tem- 
peratures at a distance of 4'/s in. from the 
weld centers were determined and con- 
sidered to be the transition temperatures 
of the unaffected base-plate materials. 
To check this concept, several unwelded 
plates were also tested. Plates A, B, Cand 
F were obtained in larger sizes than re- 
quired for the regular tests and part of 
these were cut-off before the plates were 
welded, thus serving as control tests. 
These unwelded plates were also used to 
check the effect of the direction of rolling 
on the transition temperature and the 
specimens were prepared with notches in 


Table 3—Typical Chemical Analyses and Hardness Tests of the Weld Metals 


Plate Mn P S Si Al N Hardness, Rp 
Cc 0.18 1.17 0.025 0.0380 0.27 None 0.0122 82 
G 0.16 1.01 0.021 0.031 0.20 None ‘ at 
K 0.11 0.85 0.009 0.0382 0.27 None 0.0072 83 
R 0.18 0.83 0.016 0.039 0.15 None 0.00349 81 
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Table 4—Results 


Distance 


Transitio, 

from Weld, Temperaty, 

Plate In. 

0 12) 

125 

A ~ 129 

1 30) 

2 

oh 

_ — 5) 

0 

4 

B 1) 
1 


; 
115 
2 130 
1 
2 
— 
0 —125 
130 
1/, 105 
F fe ) 
1 $5 
2 Fl) 
4'/, 55 
170) 
2 
55 
2 — SI) 
“60 
0 122 
140 
K 1/, ~130 
1 55 
2 —5 
4'/. — 
0 
1/, 160 
— 130 
R 1 —6l 
2 —45 


Average deflection velocity 0.18 in. /se 


Table 5—Comparison of the Brittle 
Transition Temperatures for the Un- 
affected Welded Base Plates and the 


Unwelded Plates 
Transition Temperature, 
Welded 
Plate 
(41/. In. 
from 
Centerof Unwelded Unwelded 
Weld, Plate Plate 


Direction (Direction (Direction 
of Rolling of Rolling of Rolling 


Perpen- Ferpen- Parallel 
dicularto dicular to to 
Plate Notch) Notch) Notch 
A —50 —45 — 5) 
B — 55 —55 
— —50 — 5h 
F — 55 —45 $5 


the direction and also perpendicular to th 
direction of rolling. The test results ar 
listed in Table 5. 

This table shows little difference | 
tween the transition temperatures 4' » 1" 
from the weld center and those obtained 0 
unwelded plates of these materials justily 
ing the use of the values at 4!/; in. from 
the weld center. Also, it is clear that th 
rolling direction had only a small effect on 
the results. 
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Fig. 5—The Variation of the Brittle Transition Temperature from the Center of the Weld to the Unaffected 


Base Plate for Several Low-Carbon Steel Plates All Welded by the Same Technique 
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Discussion on “Hydro- 
gen Embrittlement in 


Oxyacetylene Pressure 


By A. R. Lytle! 


N THIS article, the authors raise a question without 
supplying adequate or significant data to substanti- 
ate it. They apparently were concerned over the 

failure of pressure-welded bars of rerolled rail steel com- 
position at relatively low bend angles and made a few 
tests which indicated to them the possibility that hydro- 
gen absorption from the flame may have embrittled the 
rail steel. We believe that this is substantially improba- 
ble and, on the basis of the data provided, could be at- 
tributed with a much higher dtgree of probability to 
several other factors. 

In the first place, the welded specimens broke along the 
weld interface.. All our experience in pressure-welding 
rails has shown that in such a test, failure should occur, 
if at all, in the base metal and at much higher bend elon- 
gation values than shown in the article. It is clear, 
therefore, that considerable improvement could have 
been made in the quality of the welds. On this basis, 
therefore, ‘embrittlement’ by hydrogen played no part 
in the failure of the welded bars. 

In the second place, the several series of tests do not 
leave hydrogen embrittlement as the only explanation 
for the reported low ductility. Obviously, grain size 
and relative microstructures play a very important part in 
determining the ductility of high-carbon steel, and neither 
is mentioned in these tests. This is especially true in the 
series illustrated in their Figs.5,6and7. The difference 
in grain size or microstructure between the specimens in 
Fig. 6, Group 2, and those in Figs. 5 and 7 must have 
been appreciable, and could readily have accounted for 
the difference in performance of the several specimens. 

In the third place, it is believed that the amounts of 
hydrogen reported were not significant. Such small 
quantities as 0.0000075°, He are determined only with 
great difficulty and even the 0.000035°% reported in the 
flame-treated sample was only about one-third to one- 
tenth that which normally occurs in commercial steels, 
including rail steels. It, therefore, seems that too much 
weight should not be given to these values or even to the 
differences noted. 

In the fourth place, it is generally accepted practice 
that in order to demonstrate the influence of a factor such 
as hydrogen, tests are made on specimens which are simi- 
lar in all other respects except the hydrogen contents. It 


* Paper by K. B. Young and H. J. Nichols, published in January 1948 
Research Supplement to THe WELDING JouRNAL, 27, 30-s to 32-s. 
+t Union Cabide and Carbon Research Labs., Inc.,,Niagara Falls, N. Y. 


would seem that this had not been done in these tess, 
the evidence that it had been done was not pre sent 
It is suggested that data of this type be presented iy {, 
together with a description of the method used for des, 
mination of hydrogen so that the real effect of hydenss 
can be properly appraised. 


Author’s Reply 


The qualitative results reported are preliminary ; 
nature and are not intended as such to constitute defin;; 
proof. However, it is felt that these limited data , 
justify the raising of the question and perhaps a more ¢ 
tailed investigation. In reply to the specific poin 
raised by Mr. Lytle, we would like to make the folk Wing 
comments : 

1. The undesirable condition at the interface of 4, 
pressure welds (Figs. 3 and 4) definitely indicates thy 
the welding procedure can be improved. An improy 
ment in this respect, however, would not necessarily pr 
clude hydrogen absorption during welding. The author :, 
do not state that hydrogen embrittlement is the op! 
factor contributing to the low bend ductility, but sugges 
that it may have been a factor in this instance. 

It should be noted that the tests reported were on 
and 1-in. diam. material. Satisfactory pressure welding 
of rails is an established practice. It is possible that th 
difference in cooling rates between the respective masse: 
of reinforcing bars and rails could explain difference j: 
bend ductility. The larger volume of the rail sectio: 
with its slower cooling rate would favor hydrogen diffy 
sion to the atmosphere, while the reverse is true of th 
and 1-in. diam. bars. 

9 
necessarily the only explanation for the low ductilit 
encountered. 
Figs. 5, 6 and 7, it can be expected that their respectiy: 
grain sizes would differ. Two groups (Figs. 5 and 7 
were bent in the annealed and re-annealed condition, x 
spectively. Since the annealing time and temperatur 
were identical, they would have similar grain sizes. On 
group (Fig. 6) was locally heated to 2200° F. in a slighth 
reducing oxyacetylene flame and air cooled. This grou 
would be expected to have a larger grain size than th 
annealed groups. 
approximate 2200° F., large grain sizes can normally b 
expected in the as-welded condition. The original pres 
sure-welded reinforcing bars were tested in the as-weld 


condition and it was considered desirable to simulate this 


condition in the test bars. 


3. The significance of the hydrogen quantities re- 


ported is covered in the discussion on page 32-s. 


4. Since it was not possible for the authors to carry 


out an exhaustive investigation embracing all the varia 


bles in oxyacetylene pressure welding, the data obtained 


were presented in the form of a question. 
stated in the abstract that the results are qualitative and 
in the discussion, that the investigation does not consti 
tute conclusive proof, 


2. It is agreed that hydrogen embrittlement is no! 


In regard to the test bars illustrated a 


Since pressure welding temperatures 
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Eliminating Cracking in Magnesium 


Arc Welds 


By P. F. George* 


Introduction 


AGNESIUM is an important metal, not only 
because of its extreme lightness, good machina- 
f bility and ease of fabrication, but because of the 
} inexhaustible supply of magnesium from the sea. It is 
becoming more apparent that the cost of magnesium will 
compete with the cost of the other common metals on 
the volume basis when produced in large quantities. 
; For these reasons research on magnesium alloys and 
especially magnesium fabrication processes, of which 
welding is gaining in importance, is of much significance. 
Since the development of a practical method for the 
shielded-are welding of magnesium alloys,'~*® many im- 
provements have been made that have improved the 
strength and corrosion resistance of the welds and have 
made possible the welding of all the commercial magnes- 
ifm alloys. The purpose of this paper is to report the 
recent research work that has been done to make possible 
the welding of all the magnesium sheet alloys by the 
elimination of weld cracking. 


Weld Cracking Observations 


The ability to weld magnesium alloys with the shielded 
are was the first real step in greatly reducing weld crack- 
ing over that encountered during gas welding, but occa- 
sionally cracking occurred where arc welds were made 
under highly restrained conditions. 

Production welding showed that cracking was more 
pronounced in FS-1 alloy. Table 1 gives the composi- 
tions of the sheet magnesium alloys in the order of in- 
creasing cracking tendency. It can be seen from this 
table that, with the exception of the FS-1 alloy, the more 
aluminum and zinc that is present in the magnesium the 
greater the tendency for weld cracking. 

Another important observation was made. The cal- 
cium, which was added to the M and FS-1 alloys to give 
good formability and rollability, was a factor in weld 
cracking. In all cases where cracking had occurred in 
; “ — the calcium content of the metal was found to 
high. 


* Metallurgist, The Dow Chemical Co., Midland, Mich. 


Table 1—Magnesium Sheet Alloys in Order of Increasing 
Weld Cracking Tendency 


Composition 
Dowmetal Balance Magnesium 
Alloy Mn Zn 
M 1.5 
JS-1 0.8 0.2 0.9 
J-1 6.5 0.2 1.0 
FS-1 3.0 0.3 1.0 


The location of the cracks in M alloy varied with dif- 
ferent compositions of sheet and rod. For instance, an 
M alloy sheet welded with an M alloy rod would some- 
times crack in the heat-affected zone and never in the 
weld metal, but if the M alloy sheet were welded with a 
aluminum and zinc containing rod the cracking would 
occur in the weld metal although the cold strength of the 
weld metal had been increased by the use of the higher 
strength rod. Figure 1 shows the location of a crack in 


Fig. 1—Crack in the Heat-Affected Zone of an M Alloy Sheet 
Welded with an M Alloy Rod. 4 X (Reduced by 25% in 
Reproduction) 
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Fig. 2—-Crack in the Weld Metal. M Alloy Sheet Welded with 
J-1 Alloy Rod. 4 X (Reduced by 25% in Reproduction) 


the heat-affected zone of M alloy sheet welded with an 
M alloy rod, while Fig. 2 shows a crack in the weld metal 
when the M alloy was welded with a J-1 rod. 

The causes and correction of these cracks became the 
object of this research. 


Research 


It was first necessary to substantiate the observations 
made during production welding. To do this it was 
necessary to find a test which would produce a weld with 
severe restraint in order to exhibit cracking and at the 
same time be able to keep the welding conditions con- 
stant. The circle test piece, with slight modifications 
from that suggested by de Ridder’ for magnesium and 
aluminum was adopted. Figure 3 shows the circle test 
panel after welding. 

These tests confirmed the observations made during 
production welding and showed the calcium content of 
M alloy and especially FS-1 alloy to be the largest single 
factor in weld cracking. 

The next step was to find why these observations were 


Fig. 3—Circle Test Panel After Welding 
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Fig. 4—Low Melting Constituent Network in the Vicinity of a 
Crack in the Heat-Affected Zone of an FS-1 Arc Weld. Glycol 
Etchant. 500 X 


true so the proper corrections could be made to prevent 
weld cracking. In order to find the cause of the crack. 
ing, metallographic examinations were made of the 
cracked areas in the heat-affected zone. These areas 
showed the presence of a network of a low melting con 
stituent in the grain boundaries. As the alloy content 
increased this intergranular network in the heat-aflected 
zone became more pronounced. The cracked areas 
adjacent to the FS-1 alloy welds had a very pronounced 
network of the low melting constituent at the grain boun 
daries. The photomicrograph taken at 500 X in Fig 
4 shows this network in the heat-affected zone adjacent 


to an arc-welded FS-1 alloy sheet in the vicinity of a 
crack. The cracks follow this low melting network a: 
shown in the photomicrograph in Fig. 5. A photomicro- 
graph of the original sheet before welding is shown in 


Fig. 6 for comparison. 


This examination of the structure near the cracks indi- 
cated that the width of the solidification range (the tem- 


perature difference between the liquidus and the solidus 


Fig. 5—Crack Following the Low Melting Network Near an 
FS-1 Arc Weld. Glycol Etchant. 500 x 
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Fig. 6—Microstructure of the Original FS-la Sheet Before 
Welding. Nickel Nitrate Etchant. 500 x 


of the alloy, which influenced the amount of the low melt- 
ing constituent, should control the weld cracking tend- 
ency; but FS-1 alloy with a lower alloy content than 
JS-1 alloy had shown the most weld cracking. Since 
calcium has been shown by the circle test to have the 
greatest effect on the cracking tendency, it was decided 
to determine the nonequilibrium solidus of the FS-1 
alloy with various amounts of calcium. 

Small sheet samples of FS-1L alloy with calcium con- 
tents ranging from less than 0.01 to 0.26% were heated 
at various temperatures for 5 min., quenched in water and 
examined metallographically for the network of the low 
melting constituent. The curve in Fig. 7 shows the re- 
sults of the test, which gives the nonequilibrium solidus 
of the FS-1 alloy with various calcium contents. These 
data show that calcium lowers the solidus of FS-1 alloy 
to such a great extent that it can fall below the solidus 
of JS-l and J-l alloys. This lowering of the solidus below 
the other two alloys explains the FS-1 alloy having the 
greater weld cracking tendency. 

The same heating and quenching tests were run on M 
alloy to determine the nonequilibrium solidus of this alloy 
with various amounts of calcium. The curve in Fig. 8 
shows the results of these tests. Here again the calcium 
lowers the solidus although not as markedly as with the 
FS-1 alloy. 

This study shows that the solidus which determines the 
solidification range can be obtained by microscopic exami- 
nation of heat-treated and quenched samples and that 
the weld cracking tendency of the base metal is largely 
dependent on the width of the solidification range. 
Table 2 shows the liquidus, solidus and approximate 
width of the solidification range of the magnesium sheet 
alloys the order of which corresponds with the order of 
weld cracking tendency shown in Table 1. 
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Fig. 7—Nonequilibrium Solidus of FS-1 Alloy with Various 
Amounts of Calcium 


Table 3—Free Contraction in Sand Mold of Bar 48-In. 
3 


Long 
Dowmetal Shrinkage 
Alloy In./In. 
M 0.0154 
FS-1 0.0138 
JS-1 0.0129 
J-1 0.0117 


Another factor which became evident in determining 
the tendency toward weld cracking was the amount of 
shrinkage that occurred during the solidification and 
cooling of the welded metal. Table 3 shows shrinkage 
data taken from curves by Busk and Marande,* which 
shows that the shrinkage is greater in the M alloy and ts 
less in the higher aluminum- and zinc-containing alloys. 
Also, Sauerwald® has shown that the shrinkage of alloys 
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Table 2—Approximate Width of Solidification Range of the 1140 
Magnesium Sheet Alloys 
Dowmetal Liquidus, Nonequilibrium Solidification 
Alloy hf Solidus, ° F. Range, ° F. 
M, 0.1% Ca 1200 1182 18 1120 
; 2's 1160 1050 110 0.05 0.10 0.15 0.20 
J- 1135 1000 135 PERCENT CALCIUM 
FS-1, 0.15% 
15% Ca 1170 980 190 Fig. 8—Nonequilibrium Solidus of M Alloy with Various 
‘ Amounts of Calcium 
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is smaller than that of pure metal, due to a certain ex- 
pansion in the latter stages of solidification. Fortu- 
nately the alloys with more aluminum and zinc have 
less shrinkage than M alloy, making the stresses less dur- 


ing the last stages of solidification at which time weld 
cracking may occur. 


Practical Results 


After the causes of the cracking were understood it 
became easier to make corrections to eliminate weld 
cracking. 

The weld cracking in M alloy was found, by the circle 
test, to be practically nonexistent if the calcium content 
was held below 0.15% and an M alloy rod was used. 
This became a practical solution because the forming and 
rolling properties of this alloy were good when the calcium 
content was held between 0.08 and 0.15%. 

The location of the cracks varying with the composi- 
tion of the rod when welding M alloy can easily be ex- 
plained now that the cause of the cracking is understood. 
When M alloy sheet is welded with a rod containing 
aluminum and zinc the weld metal would contain the 
cracks as shown in Fig. 2 because the M alloy sheet would 
cool first, contract rapidly and cause high stresses in the 
aluminum- and zinc-containing weld metal before it had 
cooled down to the solidus temperature. The aluminum- 
and zinc-containing weld metal would then contain the 
network of the molten metal which has no strength and 
the stresses would pull it apart before it could completely 
solidify. 

Cracking occurs in the heat-affected zone when M 
alloy sheet is welded with an M alloy rod as shown in 
Fig. 1, if the calcium content of the sheet is above 0.15%. 

Keeping the calcium content low in the FS-1 alloy was 
not enough to completely eliminate weld cracking in re- 
strained conditions. To eliminate the cracking in FS-1 
alloy containing enough calcium to keep its good forming 
and rolling properties it was necessary to use a rod of a 
higher aluminum and zinc content than the FS-1 alloy. 
J-1, O-1 (Mg 8.5A1 — 0.5Zn — 0.2Mn) or C (Mg-9A1 - 
2Zn — 0.1Mn) alloy welding rods gave good welds with 
little or no cracking even in highly restrained conditions. 
These lower melting point rods remain molten while the 
FS-1 base metal becomes completely sodidified so that no 
stresses are built up in the heat-affected zone until after 
complete solidification has taken place in this area. This 


progressive solidification from the sheet to the center of 
the weld eliminates the cracking. 


Using this same reasoning it might be assumed that } 
alloy could be welded with a higher alloy rod. This ;. 
true but when M alloy is welded with the higher alym;. 
num and zine containing rods cracks will usually o¢cy; 
in the weld metal of highly restrained welds because oj 
the greater difference between their solidification tem. 
perature and the greater shrinkage of the M alloy, 
previously explained. 

No corrective measures were found necessary for weld. 
ing JS-1 and J-1 magnesium sheet alloys using a rod oj 
the same composition as the sheet. These alloys have , 
narrower solidification range than the FS-1 with calcium 
and also a lower shrinkage value. 


Summary 


1. A correlation between the width of the solidifica. 


tion range and the tendency toward weld cracking has 
been shown. 


2. Metallographic methods of finding the nonequilib. 


rium solidus is an easy means of determining the tendency 
toward weld cracking. 

3. Calcium decreases the solidus to a remarkable ex- 
tent in FS-1 alloy and somewhat in M alloy therefore 
increasing the width of the solidification range and in. 
creasing weld cracking. 

4. Weld cracking is eliminated in M alloy by keeping 
the calcium content below 0.15% and using an M alloy 
rod. 


5. Weld cracking can be eliminated in FS-1 alloy by 
using a welding rod of J-1,O-lorCalloy. 

6. Weld cracking is not serious in JS-1 or J-1 alloys 
because the solidification range is less than FS-1 and they 
also have a smaller shrinkage in the solidification range. 
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Correction 


In Table 11, Welding Research Supplement, May, 1948, page 248-s, in an article on 
Factors Affecting the Weldability of Carbon and Alloy Steels, it is indicated that the em- 
brittling temperature of steel 3C, a l-in. 0.149% C, Mn-V-Ti steel, in the normalized and 


welded condition was lower than —140° C. The correct figure is —30° C. 
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Graphitization of 


Alloy Steel—an Appraisal 


Low-Carbon Low- 
of the 


Literature 


By G. V. Smith* 


A critical survey of the investigations reported 

since the failure of a welded 0.5% molybdenum 

steel steam pipe at Springdale Generating Sta- 
tion in 1943. 


INCE the failure, due to local graphitization, of a 

welded steam pipe at the Springdale Generating 

Station of West Penn Power Co. in 1943, some 
thirty technical papers dealing with the graphitization of 
low-carbon low-alloy steels have been published; these 
are included in the bibliography. Some of the obser- 
vations reported seem to be mutually contradictory, and 
few of the trends inferred from them can be regarded as 
definitely established. These apparent inconsistencies 
are attributable to the large number of factors which may 
play a role in graphitization, and to the fact that, in gen- 
eral, the investigators have neither controlled all of the 
significant factors nor studied a large enough number of 
cases. 

Accordingly it seemed desirable to survey the literature 
with especial reference to the effect of each factor in so 
far as this was feasible, and to appraise the findings with 
the aim of developing order where possible. This task 
has not been easy because in many instances the data are 
meager and the experiments documented in such a man- 
ner that the degree of control exercised by the investiga- 
tor is difficult to appraise. Consequently the conclu- 
sions are for the most part to be regarded as open to some 
question; and this uncertainty can be removed only by 
further work in which every effort is made to take into 
proper account all of the significant factors. 

The vast literature on cast iron, though of related in- 
terest, is not reviewed here partly because it is so vast, 
and partly because the susceptibility of cast iron to 
ar pp ty is of an entirely different order of magni- 
tude. 

A brief description of the original failure will be helpful 
to those not already familiar with it. In 1943, a steam 
pipe fractured suddenly around the whole periphery of 
the wall, apparently simultaneously with the shock of 
closing a non-return valve. The pipe, 12*/, in. O.D. by 
1’/\-in. wall, was of 0.5% molybdenum steel which had 
been deoxidized with 1.5 to 2 Ib. of aluminum per ton of 
steel, a relatively large amount, but usual at the time of 
manufacture, and had been in service at a steam temper- 
ature and pressure of 935° F. and 1300 psi., respectively, 
for 5.5 years. The fracture occurred approximately '/\¢ 
in. from the border of the fusion zone of a weld by which 


the pipe was joined to the main steam header of the - 


boiler. The reported welding conditions included a 


* Research Laboratory, United States Steel Corp., Kearny, N. J. 


400° F. preheat and a subsequentstress-relief treatment of 
3 hrs. at 1200° F. Metallographic examination revealed 
a profuse amount of graphite, disposed as a network 
around the Widmanstatten areas, in a narrow region on 
both sides of the fracture; this network of graphite, 
which in many places was continuous, and therefore 
sometimes termed “‘chain’” graphite, provided an easy 
path for failure. The zone of graphitization occurred 
near the lower limit of the region of the base metal 
affected by the heat of welding, a region that appeared, 
from metallographic examination, to have reached a 
temperature only slightly above the lower transformation 
temperature during welding; further, the width of the 
graphite zone was so narrow that the path of facture 
closely conformed to this isothermal line of the individual 
weld passes, thus resembling eyebrows. In the un- 
affected base metal of the pipe, there were occasional 
graphite nodules, but these, because they were scattered, 
were of little concern. 


Summary 


The results of this review are summarized immediately 
below, details being presented in the remainder of the 
paper. 

Effect of Deoxidation Practice —Abundant evidence has 
accumulated to show that a relatively large addition of 
aluminum, greater than perhaps 1 lb. per ton of steel, 
promotes susceptibility to graphitization in both plain 
carbon and molybdenum steels. On the other hand, 
steels of either type, when deoxidized with less than per- 
haps 0.5 lb. aluminum per ton of steel, are highly resist- 
ant. Claims that there exists a correlation between the 
residual aluminum, but not the alumina produced by 
deoxidation, and susceptibility to graphitization have 
been advanced; this, however, appears not to be un- 
equivocally established. Regarding the claimed re- 
lation between ‘‘abnormality’’ in the carburizing test 
and susceptibility, it appears to be fairly well established 
that most steels which graphitize readily are abnormal, 
though there are notable exceptions; but, since the con- 
verse is not true in many instances, it would seem un- 
necessarily restrictive to use only ‘“‘normal’”’ steel in ser- 
vice at elevated temperature, particularly since a strictly 
‘normal’ steel is not commonly obtained even when the 
aluminum addition is severely restricted. 

Effect of Composition.—The greater the carbon content 
the greater is the rate of graphitization. Both molybde- 
num and chromium appear to inhibit graphitization. 
This latter element is widely considered to be the best 
means of avoiding graphitization; the necessary amount 
seems to be at least 0.5%, and probably slightly greater. 


277-s 


wer 


The influence of other elements, such as titanium and 

vanadium, is also being investigated. 

Effect of Prior Heat Treatment.—It appears fairly well 
established that the chain type of graphite, such as that 
in the failure at Springdale Generating Station, tends to 
occur when the initial structure is one resulting from 
normalizing at relatively high temperature, whereas the 
nodular, more uniformly dispersed, graphite is more 
likely to occur in the pearlitic structure resulting from 
normalizing at lower temperature. It also appears fairly 
well established that in molybdenum steel, the structures 
resulting from slow cooling are more likely to form graph- 
ite than are those resulting from fast cooling, martensite 
being quite resistant. The converse appears to be the 
case for carbon steel, martensite being most subject to 
graphitization. 

Effect of Welding Conditions.—Very little direct ex- 
perimentation has been conducted on the effect of weld- 
ing conditions on susceptibility to graphitization, and 
the incidental observations reported are not in complete 
agreement. It seems certain, however, that welding 
conditions cannot be of more than subsidiary importance, 
and that their principal role is in setting the temperature 
gradient. Some investigators report more localized 
graphitization, the steeper the temperature gradient 
during welding. 

Effect of Post Treatment After Welding.—It appears 
well established that post treatment at 1300° F. for 4 or 
more hours will effectively reduce the amount of subse- 
quent localized graphitization, and in some instances will 
completely prevent its occurrence, if the ma- 
terial is normalized at about 1650% F. prior to welding. 
More recent work has indicated that post treatment at 
1400° F. may serve just as well or better than post treat- 
ment at"1300° F. 

Effect of Time and Temperature of Exposure-—The 
shortest time and lowest temperature for precipitation of 
graphite depends in large degree on factors such as 
chemical composition, deoxidation practice employed 
and initial heat treatment; it is therefore impossible to 
set any specific time and temperature conditions applic- 
able in all cases, but, as a rough approximation, it may be 
said that in readily graphitizable carbon or molybdenum 

' steel, with 0.10 to 0.20% carbon, graphite appears in 
1000 hr. at 950 to 1000° F. 

Effect of Stress and Deformation.—Stressing at elevated 
temperature or plastic deformation at ordinary temper- 
ature (presumably also at elevated temperature) acceler- 
ates graphitization. The formation of graphite along 
well-defined planes has been attributed to localized de- 
formation; but this form of graphitization has not yet 
been reproduced by laboratory experiments. 


DETAILED REVIEW 
Effect of Deoxidation Practice 


The deoxidation practice employed in manufacturing 
the 0.5% molybdenum steam pipe used in the Springdale 
Generating Station was that then common, namely, 
silicon plus 1.5 to 2 lb. of aluminum per ton of steel. It 
was early recognized that such a deoxidation practice in- 
creased the ease of graphitization of carbide in steel and 
therefore was an important factor to be considered. 
Abundant evidence has since accumulated in support of 
this view. 

Fortunately, the A.S.T.M. specification for the type of 
molybdenum steel under discussion was revised in 1939 
to make optional the use of a coarse-grained steel to take 
advantage of its better creep strength as compared with a 
fine-grained steel. To meet such a requirement the alu- 
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minum addition had to be lowered to approximately () 5) 
or less per ton of steel. Since coarse-grained steel jy 
been rather generally specified in recent years, it is 
pected that power station and other users will find oop. 
siderably less, perhaps even no, graphite in recently oop. 
structed equipment. 

Austin and Fetzer,” studying graphite formation 
some 20 hypereutectoid steels of different composition 
concluded that steels to which aluminum had been add; 
and which showed a fine grain size and an “abnormal” 
structure in the carburizing test would generally graphi 
tize. Schwartz, in discussing this paper, stated “tha 
aluminum promotes graphitization is, of course, well 
known.”’ 

Many of the papers listed in the bibliography contajy 
information on the effect of deoxidation practice. Emer. 
son! described the graphitization which occurred in the 
failed steam pipe, and in laboratory tests readily formed 
graphite in this same steel, as have other investigators, jp. 
cluding Smith and Brambir.'* 

Kerr and Eberle* found graphite in two 0.5% molyb. 
denum steel tubular creep-test specimens which were fine. 
grained and abnormal in the carburizing test. 

Weisberg® examined probe samples removed from lines 
in service. Graphite was found in the heat-affected zone 
of 3 out of 4 welds sampled in a 0.5% molybdenum stee| 
deoxidized with 1.9 Ib. aluminum per ton of steel. The 
exception, however, contained, as did the others, graphite 
in the unaffected base metal. One sample of silicon 
killed molybdenum steel contained graphite, though it 
was not segregated in the heat-affected zone. A molyb- 
denum steel casting killed with 2 lb. of aluminum per ton 
of steel showed segregated graphite. Carbon steel pipe, 
probably deoxidized with 1.3 lb. aluminum per ton, 

was spheroidized and graphitized throughout, there being 
no difference in amount between the heat-affected zone 
and the unaffected base metal. One of the carbon steel 
samples showed a segregation of graphite bearing no 
relation to the weld, and probably attributable to a 
segregation in the base metal itself. Weisberg stated 
that his studies indicate a correlation of graphitization 
with residual aluminum but not with alumina. Finally, 
he readily produced graphite in laboratory tests of 0.5; 
molybdenum steel deoxidized with 1.8 lb. aluminum per 
ton. 

In general discussion of references 1, 2, 4 and 5, Rohrig 
reported that no graphite was present in either a normal 
or abnormal welded 0.5% molybdenum steel, both 
moderately fine-grained, after 20,000 hr. at 925° F. 
Also in this discussion, Blumberg stated that he had 
found no graphite in steels deoxidized with less than 
0.5 lb. aluminum per ton of steel, and that those which 
had larger aluminum additions (about 2 Ib. per ton 
showed varying degrees of graphitization depending upon 
conditions. In the same discussion, Kerr reported that 
he had been unable to find any instance of graphite for- 
mation in molybdenum steel when deoxidized only with 
silicon, and further expressed the opinion that no molyb- 
denum steel showing ‘“‘normal” structure and 1—5 grain 


_ Size in the carburizing test would graphitize. 


Boetcher® reported a slight trace of graphite in the 
“critical” zone of a 0.5% molybdenum steel deoxidized 
with 0.5 Ib. aluminum per ton, whereas one-fifth of the 
carbon graphitized in similar steel of ‘“‘high-aluminum’ 
deoxidation; further, that all pipe steels he examined 
were abnormal whether or not they graphitized. Corrob- 
oration was claimed for the view of others that ‘‘meta! 
lic’ aluminum is present in relatively large amounts 
(greater than 0.003%) in a graphitizable steel. 

Kerr and Eberle’? examined a number of samples re- 
moved from service as well as others prepared in tli 
laboratory expressly to study graphitization; all results 
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ted the view that steels deoxidized with a rela- 
tively large amount of aluminum, and therefore fine- 
‘rained and abnormal in the carburizing test, are more 
nrome to graphitization than steels deoxidized with less 
aluminum. These investigators also pointed out that 
the carbide of the weld metal does not graphitize,* 
even though the structure is abnormal. In discussion, 
Weisberg reported finding graphite in the heat-affected 
jone of a molybdenum steel with normal carburized struc- 
ture, alter 46,000 hr. at 935° F. average service tempera- 
ure. 

Hovt and Williams® concluded that high-aluminum 
deoxidation promotes graphitization, but reported only 
few experimental details. 

Van Duzer, Rohrig and McCutchan" found no graph- 
ite in a moderately abnormal electric furnace heat of 
0.5% molybdenum steel after 20,000 hr. at 925° F. 
A similar open-hearth heat also showed no graphite. 
Examination of field joints showed no graphite in low- 
aluminum molybdenum steel after 20,000 hr. at 900° F., 
but a slight amount in a high-aluminum molybdenum 
steel after 27,000 hr. at 900° F. In laboratory experi- 
ments, graphite formed in welded high-aluminum samples 
of molybdenum steel in 3300 hr. at 1000-1060° F., and 
under some conditions a slight amount was formed in low 
aluminum steel. 

Smith and Brambir'* observed graphite in samples of 
the Sprindale Station pipe steel, welded and exposed at 
975-1050° F. in the laboratory under certain conditions. 
However, end-quenched samples of molybdenum steel 
whether of fine or coarse-grained deoxidation practice 
failed to graphitize under the same conditions of exposure, 
but end-quenched samples of plain carbon steel containing 
0.15, 0.45 and 0.80% carbon, all of fine-grained deoxida- 
tion practice, did graphitize. 

Smith, Miller and Tarr'* exposed a series of three 
carbon and six molybdenum steels made with different 
deoxidation practice for up to 5000 hr. at 900, 1000 and 
1100°F. All three carbon steels, which were slightly 
abnormal, showed graphite. Of the six molybdenum 
steels, graphite occurred: only in the three to which 
aluminum had been added for deoxidation (all three had 
one or more pounds per ton added); these three were 
fine-grained and moderately abnormal in the carburizing 
test. On the other hand, two of those which did not 
graphitize were slightly abnormal and coarse grained. 

Hughes and Cutton, studying the occurrence of 
graphite in carbon steel containing 0.08-0.67% carbon, 
reported that steels made by coarse-grained deoxidation 
practice did not graphitize under conditions which 
readily produced graphite in steel made by fine-grained 
practice. 

Smith, Urban and Bolton'® studied graphitization in 
castings and reported finding graphite in a 0.5% molyb- 
denum valve casting, made by fine-grained deoxidation 
practice, which had been at a nominal temperature of 
900° F. for 45,000 hr. In laboratory experiments 
with split heats, carbon-steel samples deoxidized with 
silicon and aluminum were found to graphitize much 
more readily than silicon deoxidized samples. With 
molybdenum steel, on the other hand, the silicon de- 
oxidized samples did not graphitize within 6000 hr. at 
1100° F., although samples deoxidized with silicon and 
aluminum did. 

Hoyt, Williams and Hall,'? basing their opinion largely 
on the work of others, state that plain carbon steels 
appear resistant to graphitization at present steam 
temperatures when deoxidized with silicon or only a 
small amount of aluminum and that the presence of 
molybdenum inhibits graphitization. With respect to 


supp! T 


* One exception to this observation was reported by Weisberg’; see ‘‘ Miscel- 
laneous” section. 
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“normality,” they state that steel which has a completely 
normal structure in the carburizing test is highly resist- 
ant, though not necessarily immune, to graphitization. 

Eberle"* in laboratory studies of molybdenum steel of 
high-aluminum deoxidation practice found graphite to 
form readily under certain conditions. 

Kanter, reporting for a Joint Research Committee 
investigation,'® stated that addition of aluminum to 
molybdenum steel makes for graphitization, and that the 
results tend to substantiate the claim of a relation be- 
tween abnormality in the carburizing test and suscepti- 
bility to graphitization. 

Smith, Brambir and Benz” experimentally produced 
graphite in molybdenum steel made by fine-grained 
deoxidation practice and also studied the occurrence of 
graphite in 10 heats of plain-carbon steel containing 0.1 
to 0.2% carbon heated at 1025° F. for 2000 to 3000 hr. 
Of this latter group, only four graphitized, these com- 
prising all those which had been deoxidized with 2 Ib. 
or more of aluminum per ton of steel and contained 
residual aluminum in excess of 0.025°%. The six which 
did not graphitize were deoxidized with not more than 
1 lb. of aluminum and contained less than 0.007% resid- 
ual aluminum. Those which graphitized were ab- 
normal, but not all those which were abnormal graphi- 
tized. 

This is another instance of the fact that steels made by 
nominally identical practice are not always indentical. 
This is especially true of those properties which are sen- 
sitive to the true degree of deoxidation of the steel, which 
is not measured satisfactorily by the stated amount of 
deoxidizing agent added to the liquid steel. Accordingly, 
the lack of complete consistency of the results of the 
several authors mentioned in this section is not at all 
unexpected. 

Conant and Reich” reported some few data showing 
that 0.5% molybdenum steel is more susceptible to 
graphitization the greater the amount of aluminum added 
for deoxidation. 

Hoyt and Hall®® have stated that the use of a large 
amount of aluminum in deoxidation renders both plain- 
carbon and molybdenum steels readily susceptible to 
graphitization. Plain-carbon steel made by low-alumi- 
num deoxidation practice showed no graphite, and only 
one instance of low-aluminum deoxidized molybdenum 
steel showed any graphite, and that only a trace. A 
silicon-killed molybdenum steel, with a normal car- 
burized structure, showed no graphite when heated for 
12,000 hr. at 1025 to 1125° F. 


Effect of Composition 
(a) Carbon 


It is obvious that the more carbon present, the more 
graphite could be formed and the greater will be its rate 
of formation. Most of the studies reported in the papers 
listed in the bjbliography deal with alloys of carbon 
content in the range 0.10 to 0.25%; therefore few data 
bearing on the effect of carbon are available. The work 
of Hughes and Cutton™ and of Smith and Brambir,'* 
both of which included steels having a range of carbon, 
indicate increasing graphite with increasing carbon 
content, as is likewise shown by earlier work by Jenkins, 
Mellor and Jenkinson.” 

Hoyt, in discussing references 1, 2, 4 and 5, pointed out 
that limiting the carbon as much as possible would limit 
the amount of graphite. Subsequently Timmons” dis- 
cussed this matter further. 


(b) Molybdenum 


It seems to be fairly well accepted (perhaps only be- 
cause it has been claimed several times) that molybde- 
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num tends to inhibit formation of graphite. Although 
this is not unlikely, it does not appear to have been in- 
controvertibly established. That is, the observation 
that of two steels studied, one plain-carbon, the other 
molybdenum, the former graphitized, whereas the latter 
did not, does not suffice to prove that molybdenum in- 
hibits graphite formation. Indeed, Smith and Bram- 
bir’* were able to graphitize a molybdenum steel and not 
a plain carbon one, both of fine-grained deoxidation 
practice and tested similarly. Too often investigators, 
either through inexperience or inability, do not suffi- 
ciently control all the pertinent variables to permit con- 
fidence in their inferences. 

Hoyt and Hall ?° have concluded, on the basis of their 
results, that molybdenum steel is slightly more resistant 
than plain-carbon steel to graphitization. 


(c) Chromium 


Addition of chromium is the means most generally con- 
sidered effective for inhibiting graphitization, presum- 
abiy by “stabilization” of the carbide. The experimen- 
tal investigations bearing on this question have not yet 
defined precisely how much chromium is needed for this 
purpose; presumably it is less than 2%, since users in the 
oil industry have reported that no graphite forms in steels 
with this chromium content. 

Weisberg® found no graphite in a 2% chromium 0.5% 
molybdenum steel. Kerr and Eberle’? were unable to 
produce graphite by any of several laboratory treatments 
in a steel containing 0.5% molybdenum and 0.7% chro- 
mium, deoxidized with silicon and 0.4 lb. aluminum per 
ton of steel. Smith and Brambir'* observed no graphite 
in either a 1.75% chromium-0.75% molybdenum steel ora 
5% chromium-0.5% molybdenum steel, both initially 
normalized from 1700° F. and then exposed 3000 hr. at 
975 to 1050° F. Smith, Miller and Tarr! found graphite 
in a 0.5% molybdenum steel containing 0.17% residual 
chromium. Hughes and Cutton’® conclude that chrom- 
ium stabilizes the carbides, but on this point their in- 
vestigation was not thorough. Smith, Urban and Bol- 
ton'® were unsuccessful in exhaustive attempts to graphi- 
tize a cast steel containing 1.0% nickel, 0.5% chromium 
and 0.4% molybdenum, deoxidized with either silicon or 
silicon-aluminum. Hoyt, Williams and Hall" reported 
“very small particles, even in samples containing 1% of 
chromium or more,’’ but in later work*! concluded that 
the particles were not graphite. Kanter?! found no evi- 
dence of graphite in any sample of chromium-molybde- 
num cast steel investigated, after 3000-5000 hr. at 1025° 
F., the chromium range covered being from 0.43 to 
0.70%. Smith, Brambir and Benz” studied the occur- 
rence of graphite in several experimental heats of chrom- 
ium-molybdenum steel, containing 0.5% molybdenum 
and with chromium ranging from 0.25 to 1.25% in 0.25% 
steps. The steel containing 0.25% chromium and 0.5% 
molybdenum graphitized (when made by fine-grained, but 
not by coarse-grained deoxidation practice), but no 
sample containing 0.5% or more chromium showed 
graphite. As the authors point out, this is again not 
positive proof that this amount of chromium will prevent 


graphitization. 


Reporting for the Joint Research Committee investi- 
gation of graphitization of cast steels, Kanter®™ indicated 
that 0.5% chromium added to 0.5% molybdenum steel of 
fine-grained deoxidation practice does not appear, from 
preliminary results, to inhibit graphitization to a suffi- 
cient degree (estimated to be one-half graphitization in 
200,000 hr.), and suggested that 0.75% chromium may 
be necessary. 

Conant and Reich* reported that no graphitization 
occurred during 5000 hr. exposure at 1100° F. in welded 
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samples of 0.5% chromium —0.5% molybednum ste¢| de. 
oxidized either with or without aluminum. 

Hoyt and Hall® studied the influence of the addition 
of up to 2% chromium to experimental and ¢ommergy 
heats of molybdenum steel deoxidized either with silico, 
or with high aluminum, and concluded that the Presence 
of 0.5% or more of chromium “virtually prevents graphi. 
tization”; graphite was observed in a high-aluminyy, 
0.25% chromium-molybdenum steel. 

To sum up, it seems probable, though not positiye), 
established, that chromium, when present in an amoyy; 
somewhat greater than 0.5%, will substantially retary; 
graphitization in 0.59% molybdenum steels. 


(d) Other Elements* 


Other elements unquestionably influence graphitiz. 
tion, but few specific studies of this sort appear to hay 
been made. The use of titanium, columbium or vanai. 
ium to tie up the carbon in a relatively inert form is being 
considered, and investigations bearing on this point ar 
under way. 

Conant and Reich* reported that welded samples oj 
steel containing 1% molybdenum and 0.15 to 0.20°% va. 
nadium showed no graphite after 5000 hr. at 1100° F, 

Very limited studies were made by Hoyt and Hall® 
on the influence of vanadium and titanium. A steel, of 
unstated deoxidation practice, containing 1.59% molybde. 
num and 0.23% vanadium showed no graphite in.4000 hr, 
at 1125° F. Similarly two molybdenum steels, of un. 
stated molybdenum content and deoxidation practice, 
containing 0.30 and 0.75% titanium showed no graphite 
in 5000 hr. at 1125° F. 

Hughes and Cutton' report that copper has no effect, 
though their experiments were not extensive. Smith, 
Urban and Bolton,'* on the basis of theoretical reasoning, 
suggested that the addition of noncarbide forming ele. 
ments such as copper, cobalt or nickel to a molybdenum- 
containing steel will force the molybdenum into combi- 
nation with carbon and thus effectively inhibit graphiti- 
zation. The limited experimental evidence which they 
present on nickel-chromium-molybdenum steel in sup- 
port of this view appears inconclusive. 


Effect of Prior Heat Treatment 


Emerson! claimed, and presented some experimental 
evidence to support his view, that in molybdenum steel 
made by fine-grained deoxidation practice, the initial 
structure formed by normalizing from a high temperature 
sufficient to produce coarse austenite grains is prone to 
form the so-called chain type of graphitization, whereas 
the identical steel not coarsened in grain size is likely to 
form so-called nodular graphite. Kerr and Eberle’ re- 
ported that more graphite formed in molybdenum steel 
when annealed (from 1620° F.) than when spheroidize- 
annealed (from 1350° F). Blumberg, in general dis- 
cussion of references 1, 2, 4 and 5, reported that he had 
found advanced graphitization only in some instances 
in which steels made by fine-grained deoxidation practice 
had been coarsened by heating, as for upsetting tube ends 
prior to welding. Boetcher® presented evidence that the 
higher the normalizing temperature used before welding 
the more the graphite which subsequently formed tended 
to be of the “chain” type. 

Kerr and Eberle’ transformed molybdenum steel 1s0- 
thermally at temperatures from 1250° F. to the marten- 
site temperature range, heated these samples for periods 
up to 6000 hr. at 1000° F., and found graphite in some 
instances when the steel was of fine-grained deoxidation 


* The effect of aluminum has been considered in an earlier section devoted 
to deoxidation practice. 
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Transformation at 1200 and 1250° F. pro- 


actice. 
Seed more graphite nodules than transformation at any 


lower temperature. Transformation at 500° F. resulted 
in no graphite, whereas only traces occurred at lower 
transformation temperatures. The authors reported 
that the graphite which formed was segregated, which 
suggests that it might be worth while to repeat the work 
on a steel not segregated. Van Duzer, Rohrig and 
McCutchan” observed slightly more graphite in the heat- 
affected zone of welded high-aluminum molybdenum steel 
when initially normalized from 1900° F. than when nor- 
malized from 1650° F. Rohrig"! corroborated Emerson’s 
claim! that graphite in coarse-grained Widmanstatten 
structures tends to be of the chain type, whereas graphite 
in fine-grained pearlitic structures tends to be nodular. 
It should be noted, however, that Rohrig’s observations 
were made on the same steel (from the Springdale Gener- 
ating Station) which Emerson studied. 

Smith and Brambir'* found graphite in the heat- 
iffected zone of a weld sample of high-aluminum molyb- 
denum steel when initially normalized from 1650° F., but 
none when normalized from 2000° F. They also found 
that in end-quenched samples of plain-carbon steel 
having a series of structures ranging from martensite to 


s pearlite), graphite occurred most readily in the initially 


martensitic portion. No graphite occurred in similar 
tests of molybdenum steel, whether of coarse or fine- 
grained deoxidation practice. Smith, Miller and Tarr,'* 
in a comparative study of graphitization in three carbon 
and six molybdenum steels when initially normalized or 


' annealed, found that graphite formed in the carbon steels 


with equal ease in the two initial conditions, but prefer- 


) entially in the annealed, rather than in the normalized, 
molybdenum steels. 


Hughes and Cutton™ reported that cold-rolling of a 


» carbon steel prior to subcritical annealing accelerated 
| graphitization, and that full-annealing prior to cold-roll- 
fing greatly enhanced susceptibility to graphitization. 


Smith, Urban and Bolton’® reported that samples 


' (presumably of molybdenum steel) initially gradient 
| heated, the two ends of the bars being at 600 and 1600° 
| F., respectively, for 1 hr., then quenched, developed 
| graphite first in the critical zone, second in the zone 
quenched from a higher temperature and last in the zone 


quenched from a lower temperature. A subsequent 


) series of samples, heated to within the critical range and 
| water quenched, indicated that graphite formed most 
| rapidly (upon subsequent exposure at 1000-1100° F.) 
| when the heating temperature was 1390° F. They also 


investigated the susceptibility to graphitization of mar- 
tensite-pearlite mixtures, (the pearlite being formed iso- 
thermally at 1300° F.), and reported that all samples 
graphitized to about the same degree. In another series 
of tests, carbon steel samples were isothermally trans- 
lormed at various temperatures and then exposed at 
1100° F.; graphite occurred most readily in lower bain- 
ite. Similar experiments with molybdenum steel re- 
vealed that the coarse pearlite structure was most sus- 
ceptible to graphitization and the martensitic structure 
completely resistant. 

Eberle performed an extensive series of tests on the 
effect of heat treatment on the susceptibility of molyb- 
denum steel. Rapid cooling from 1650° F. was less 
effective than from 2200° F. in inhibiting graphitization; 
slow cooling from 1650° F. resulted in more graphite than 
last cooling from 1650° F., but less than slow cooling 
irom 2200° F. On heating at 1400° F., water quenching 
rendered the steels more susceptible than furnace cooling, 
but, oddly, furnace cooling made for greater suscepti- 
bility than air cooling. 

_ Smith, Brambir and Benz” heated samples of a graph- 
iizable molybdenum steel into the critical range, 1350 
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to 1450° F., to simulate the structures occurring in weld 
heat-affected zones. Samples heated at any temper- 
ature in this range formed graphite after subsequent ex- 
posure at 1025° F., the maximum amount occurring after 
heating to approximately 1400° F. 

Conant and Reich™ found no graphite in an alumi- 
num-killed, abnormal, 0.5% molybdenum steel when air- 
cooled after 1 hr. at 2300° F. prior to welding, whereas 
the same steel did graphitize when initially heat treated 
at 1700° F. These authors also reported that increased 
cooling rate during heat treatment prior to welding re- 
stricts the tendency to graphitization during simulated 
service exposure, but their experiments were of a limited 
nature. 


Effect of Welding Conditions (Exclusive of 
Post-Treatment) 


Smith and Miller‘ state, but present no experimental 
evidence, that in their experience the tendency to local- 
ized graphitization is greater the steeper the temperature 
gradient in the heat-affected zone. Weisberg’ experi- 
mentally studied the effect of preheat temperature rang- 
ing up to 900° F. and concluded that ‘‘preheat temper- 
ature apparently had no marked effect on the tendency to 
graphitize.” Blumberg, in general discussion of refer- 
ences 1, 2, 4 and 5, stated that he had not found any re- 
lation betwen welding technique and susceptibility to 
graphitization in samples which had been removed from 
service. Kerr and Eberle’ ran repeated arc-weld (goug- 
ing out and refilling) and spot-weld tests, but the results 
appear inconclusive owing to variation of more than one 
factor at a time. 

Rohrig"! has suggested the use of an austenitic electrode 

for welding graphitizable steels to induce depletion of 
carbon in the heat-affected zone. Experimental study of 
this possibility by Rohrig with a sample of the Springdale 
Station pipe confirmed this suggestion. He also ob- 
served no adverse effect on mechanical properties be- 
cause of carbon pickup in the austenitic weld metal. 
Foster, however, in discussion, questioned whether the 
proposed procedure might not result in merely exchang- 
ing one difficulty for another, namely intergranular em- 
brittlement. Robar, also in discussion, reported that he 
likewise had considered the use of an austenitic electrode, 
but had found on experiment that graphite still formed in 
the heat-affected zone. 

Smith and Brambir"* studied the occurrence of graphite 
in samples of molybdenum steel containing two welds, 
one with a relatively narrow heat-affected zone, the other 
with a relatively wide zone, produced by using different 
heat inputs. In the one sample which graphitized, 
graphite formed very readily in the narrow heat-affected 
zone, but only with difficulty in the wide heat-affected 
zone. The graphite in the wide heat-affected zone was 
also much more widely dispersed. 

Hoyt, Williams and Hall” considered the effect of joint 
preparation for welding, including the effect of grease on 
the ends, gas-cutting and beveling, and cold-work in 
beveling; they state that “tests indicate that none of 
these three factors is likely to contribute to the graph- 
itization of steam lines.”’ 


Effect of Post Treatment 


The effect of post-welding treatment is treated separ- 
ately from other welding factors because of its importance 
as a possible means of preventing localized graphitization. 

Smith and Miller,‘ after speculating that the occur- 
rence of localized graphitization in the heat-affected zone 
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might be related to the difference between the type of car- 
bide formed in this region and that in the remainder 
of the steel, suggested that a possible means of preventing 
localized graphitization might be to post heat-treat, after 
welding and prior to service, at 1300° F. for approxi- 
mately 5 hr. rather than at 1200° F. for 2 to 3 hr., as con- 
ventional. Smith and Brambir’ prepared weld samples 
of normalized molybdenum steel pipe from Springdale 
Station, halved the samples and gave one-half of each a 
stress-relief treatment of 4 hr. at 1300° F. Samples so 
treated showed no graphite on subsequent exposure 
whereas the companion half of the sample not so treated 
did form graphite. 

Emerson! prepared welds in sections of a molybdenum 
steel pipe removed from service and applied three differ- 
ent stress-relief treatments: (1) none; (2) 1200° F. for 
2hr.; and (3) 1300° F. for 20 hr. On subsequent expo- 
sure in the graphitizing temperature range, only those 
specimens heated at 1300° F. failed to develop localized 
graphitization. Smith, Miller and Tarr* heated a sample 
of molybdenum steel containing graphite at 1300° F. for 
several weeks and found the graphite to revert to carbide. 
Van Duzer, Rohrig and McCutchan” studied, in labo- 
ratory tests, the effect of stress relieving welds at 1200 and 
at 1350° F.; they reported that stress relief at 1200° F. 
appeared to widen the localized region of graphitization 
in the heat-affected zone, whereas at 1350° F. it almost 
obliterated any difference in graphite between heat-af- 
. fected zone and unaffected pipe, though it did not prevent 
precipitation of random, dispersed graphite. 

Smith, Urban and Bolton" found graphite in a molyb- 
denum steel, made by silicon-aluminum deoxidation 
practice, furnace-cooled from 1650° F. and _ subse- 
quently drawn 10 hr. at 1300° F. It should be noted, 
however, that since this was not a weld sample, the re- 


sults do not bear directly on the possibility of preventing , 


localized graphitization. Hoyt, Williams and Hall” in- 
dicate that graphitization occurs after stress relief at 
1290° F., but their test conditions and results are so inade- 
quately described (for example, they do not report the 
time at temperature, nor is it clear whether they refer to 
localized or random graphitization) that no certain con- 
clusions can be drawn. They also reported that a stress- 
relief treatment at 1370° F. completely inhibited local 
graphitization, but accelerated random graphitization. 
Eberle reported that “long time annealing at 1300° F.” 
considerably retards the formation of graphite in molyb- 
denum steel and also tends to reduce the number of 
nodules formed. Rohrig and Corey® proposed that local- 
ized graphite ‘be avoided by normalizing after welding. 
Kanter” reports, however, that normalizing, subsequent 
to welding, did not prevent graphitization in the heat- 
affected zone. 

Smith, Brambir and Benz” simulated the structures 
formed in the heat-affected zone of a weld, and found 
graphite in such samples when heated at 1025° F., where- 
as companion samples, identically treated except for a 
treatment of 4 hr. at 1300° F., developed no graphite, 
In a second instance, by post-treating at 1300° F., they 
successfully prevented the occurrence of graphite in the 
heat-affected zone of a welded 0.5% molybdenum-— 
0.25% chromium steel when it did occur in the sample 
not so treated. Ina third instance, however, in which a 
weld sample was prepared in “as-received’’ material, 
localized graphite was considerably reduced in amount 
but not entirely prevented by the 1300° F. post 
treatment; on the other hand, when this same steel was 
initially normalized at 1650° F., the 1300° F. treatment 
was completely effective. 

Hopping and White” suggested that the best heat 
treatment to apply after welding is either at 1300 or 
1375° F. with a preference for the latter. However, 
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their experimental study of this question was not gyj. 
ciently extensive to prove this suggestion. 

The results of studies by Hoyt and Hall*® on the jp. 
fluence of post-weld heat treatment were largely negatiy. 
They suggested a superiority of treatment at 1389° p 
over one at 1300° F. as suggested earlier,* but in the, 
experiments the 1300° F. treatment was limited to «, 
few minutes’ rather than the recommended 4 to 5 ph; 
an inadequate comparison. 

Rohrig and McCutchan™ have conducted a rathe 
comprehensive. investigation of the influence of post-we; 
heat treatment in the range from 1200 to 1450” F. fo;, 
number of welded plain-carbon and molybdenum pix 
materials. They found the 1300° F. treatment to 
more effective for high-aluminum than for low-aluminyy 
deoxidation but the former was initially normalize; 
while the latter was hot-rolled and drawn. It was als 
found that treatments of 2 or 3 hr. at 1350, 1400 or 145 
F. appeared to be as effective as 4 hr. at 1300° F. in pre. 
venting segregated graphite. The authors appear 
prefer treatment at 1400° F. Some variation was ob. 
served in the behavior of individual heats. Rohrig anj 
McCutchan also found, as did Kanter,” that normalizing 
after welding did not entirely prevent, though it 
definitely reduced, graphitization in the weld heat-affected 
region. 


Effect of Time and Temperature of Exposure 


The pipe which failed in service in the Springdale 
Station had been in use 5.5 yr. at an average service tem 
perature of 935° F., and it is of interest in this connec. 
tion to determine the progress of graphitization with 
time and temperature. The rate of graphitization has 
generally been thought to increase with temperature; 
accordingly, it would seem likely that if the exposure 
temperature were increased to say 1300° F., graphiti- 
zation corresponding to the degree observed in the Spring. 
dale Station could be brought about in weeks or months 
rather than years. Actually this has not been feasible 
and, in fact, Smith, Miller and Tarr* reported that 
graphite in a molybdenum steel reverts to carbide on 
heating at 1300° F. 

Emerson! experimentally produced graphite in 2000 hr. 
in 0.5% molybdenum steel in a test in which the temper- 
ature was cycled between 950 and 1150° F. Kerr and 
Eberle? found graphite in two tubular creep coupons of 
0.5% molybdenum steel tested at 900° F. under 15,000 
psi. for 9000 hr. and at 1050° F. under 5800 psi. for 14,000 
hr. Weisberg® produced graphite experimentally in 99! 
hr. at 1000° F. in both stressed (15,000 psi.) and un- 
stressed 0.5% molybdenum steel welded samples of fine 
grain deoxidation practice; more graphite occurred in the 
stressed samples. This represents about the shortest 
period yet reported for producing graphite in this grade 
of steel. 

Kerr and Eberle’ reported on the examination of a num- 
ber of service installations. Graphite was found i 
slightly abnormal carbon steel examined after 75,000 hr. 
at 850° F., yet none was present in a normal carbon steel 
after 9 yr. at 1000—1020° F. An abnormal molybdenum 
steel in service 4'/, yr. at 910° F. showed scattered graph- 
ite, whereas another, only very slightly abnormal, showed 
graphite after 2 yr. at 975° F. These workers also car- 
ried out laboratory investigations, finding graphitization 
of isothermally transformed samples to begin in about 
1500 hr. at 1000° F. Weisberg, in discussion to this 
paper, reported graphite in the heat-affected zone 0! 4 
welded normal molydenum steel after 46,000 hr. service 
at a normal temperature of 935° F., of which 2500 hr. 
were over 950° F. 
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Hoyt and Williams* reported finding but little more 
raphit at 1125 than at 1025° F. Van Duzer, Rohrig 
ad McCutchan"® found no graphite in a moderately ab- 
normal, electric furnace, molybdenum steel after 20,000 
hr.at 025° F. They found graphite in carbon steel after 
pout 50,000 hr. at 835° F., but none after 35,000 hr. 
A slight amount of graphite was found in high-aluminum 
molybdenum steel after 27,000 hr. at 900° F., but none 
after 40,000 hr. at 825° F. In laboratory experiments, 
with several high-aluminum molybdenum steels, graphite 
occurred in 3300 hr. at 1000 to 1060° F. 

Smith and Brambir’* found that heating for 1000 hr. at 
975° F. produced graphite, though the particles were 
quite small, in the heat-affected zone of a welded sample 
of 0.5°> molybdenum steel from the Springdale Station. 
In end-quenched samples of carbon steel heated at 975° 
F. for 1000 hr., a moderate amount of graphite was found 

Smith, Miller and Tarr™ exposed unwelded samples of 
three 0.15% carbon and six 0.5% molybdenum steels at 
900, 1000 and 1100° F. for periods up to 5000 hr., and 
noted the time for appearance of graphite, and very 
roughly, the progress of the conversion. In the carbon 
steels, none of which had been deoxidized with more than 
1 1b. of aluminum per ton of steel, graphite did not appear 


© until 3000 to 5000 hr. at 1000° F. and 1000 to 3000 hr. at 


1100°F. In the molybdenum steels, graphite appeared 
in 5000 hr. at 900° F. (in one heat), in 1000 to 5000 hr. 
at 1000° F. and in 300 to 1000 hr. at 1100° F. 

Hughes and Cutton™ studying 0.08 to 0.67% carbon 
steels, reported that the optimum temperature for maxi- 
mum graphitization lies between 1150 and 1250° F. 
Smith, Urban and Bolton’® readily graphitized carbon 
steel in 1000 hr. at 1100° F. when it had been deoxidized 
with silicon-aluminum, but when deoxidized with silicon, 
2000 to 6000 hr.. were required. Duplicates of some of 
the structures were exposed at 1025° F. and little differ- 
ence was noted from exposure at 1100° F. Of several 
different structures of silicon-aluminum deoxidized molyb- 
denum steel, graphite appeared first in coarse pearlitic 
or coarse ‘‘acicular’’ structure in 2000 hr. at 1100° F., but 
one microstructure, fine pearlite, did not show this phase 
short of 6000 hr., and other structures, including fine ‘‘aci- 
cular’ and martensite, were completely resistant (in 
6000 hr.). Smith, Brambir and Benz” produced graph- 
ite in 1000 hr. at 1025° F. in both carbon and molybde- 
num steels. Hoyt, Williams and Hall” showed a graph 
relating percentage of carbon converted to graphite and 
time of exposure for molybdenum steel from the Spring- 
dale Station. This chart indicated that in 1000 hr. at 
925, 1025 and 1125° F., respectively, 20, slightly more 
than 40 and slightly less than 60% of the carbon is con- 
verted to graphite. This seems to be at variance with an 
earlier statement of Hoyt and Williams*® that but little 
more graphite occurred at 1125 than at 1025° F. 

Hopping and White” attempted to estimate the ex- 
tent to which further graphitization would occur in 
molybdenum steel samples already containing graphite, 
produced in service, and for this purpose heated such 
samples at 1000, 1100 or 1200° F. for prolonged periods. 
After 2500 hr. at 1000° F., 12,000 hr. at 1100° F. or 1000 
hr. at 1200° F., no change in the amount of graphite in 
the heat-affected zone was detected, although carbide 
spheroidization and agglomeration did occur. This be- 
havior is rather unexpected, but quite interesting, in 
view of contrary results reported by Smith and Bram- 
bir’ for carbon steel samples in which graphite produced 
at one temperature continued to grow at a higher tem- 
perature. 

Hoyt and Hall” have continued the kinetic studies re- 
ported earlier.” They estimated from their results that 


ae a at 1125° F. is roughly equivalent to 8 yrs. at 
<0 
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GRAPHITIZATION OF LOW-CARBON ALLOY STEELS 


Effect of Stress and Deformation 


Kerr and Eberle? found graphite in the heat-affected 
zone of welded tubular creep-test specimens, but no clear 
evaluation of the effect of stress was possible. Weis- 
berg® found ‘‘considerably more’’ graphite in the heat- 
affected zone of welds in stressed (15,000 psi.) molybde- 
num steel than in identical unstressed samples on expo- 
sure for 950 hr. at 1000° F. 

Hughes and Cutton™ reported that cold rolling prior 
to subcritical annealing accelerates graphitization. Hoyt, 
Williams and Hall" heated a plain-carbon steel tensile 
specimen, which had been tested to failure at room tem- 
perature, for 1350 hr. at 1025° F. and observed random 
graphite increasing in quantity toward the fracture. In 
another experiment, stressing by bending at room tem- 
perature only slightly increased the amount of graphite 
formed in a carbon steel at 1025° F., but compressive 
straining at 1025° F. considerably increased the amount 
of graphite. Presumably, in the first instance, any resid- 
ual stress was relieved, at least in part, on heating. 

Hoyt and Hall” studied the influence of plastic de- 
formation and of elastic strain on susceptibility to graph- 
itization, but their results were largely inconclusive. 
The graphite which they observed in their test specimens 
“could not be construed as having a direct relation to 
stress or strain.” 

Emerson and Morrow,” in examining a section of the 
Springdale Station pipe which had been installed to re- 
place a failed section, discovered a form of graphiti- 
zation which they term ‘“‘slip-plane graphitization.”’ 
The graphite appeared along well-defined planes, ap- 
parently those of maximum shear stress, which had no re- 
lation to the welding. Emerson and Morrow postulate 
that the stage is set for this kind of graphitization by a 
localized deformation (Liider’s lines) such as occurs at 
the yield point of mild steel. Although this explanation 
appears reasonable, it has so far been impossible to pro- 
duce this form of graphitization in laboratory experi- 
ments. The use of the term “‘slip-plane graphitization’”’ 
by Emerson and Morrow is unfortunate, since what they 
have observed is a gross phenomenon, more properly 
called “‘Liider’s line graphitization’ or simply ‘“‘plane 
graphitization.”’ 


Miscellaneous 


Weisberg’ reported graphite in carbon steel weld metal. 
This is believed to be the first and only report of the oc- 
currence of graphite in weld metal. 

Kerr and Eberle’ suggested that since the size of 
graphite nodules is, in general, rather uniform, the 
graphite nuclei all became effective at about the same 
time, and, accordingly, are limited in number. Smith, 
Brambir and Benz” counted the number of nodules of 
graphite in a series of carbon steel exposed for 1000 and 
2000 hr., at 1025° F., and concluded that if new graphite 
nuclei did appear between the two time intervals, their 
number could not be very great. a 

In discussion to reference 7, Weisberg reported that 
attempts to rehabilitate severely graphitized pipe by re- 
heating into the austenite range were unsuccessful, the 
graphite disappearing, but leaving a residue of an un- 
known constituent sufficient to impair the ductility. 

Hoyt and Williams® reported graphite segregated in 
the heat-affected zone of welded carbon steel, but gave 
no details. 

Van Duzer, Rohrig and McCutchan’? reported on the 
temperature variation during service and emphasized the 
importance of swings above the nominal operating tem- 
perature. 
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Hoyt, et al.,"” reported that Bolton found 0.04% graph- 
ite by chemical analysis in the Springdale Station steel 
prior to service but that resistant or near-resistant steels 
show only about 0.01%. Hoyt and Hall” reported that 
tests of this possible relation were inconclusive. 

Hopping and White”’ made mechanical tests, including 
a full-section tension test, of welded steam pipe joints or 
of samples therefrom, containing a moderate amount of 
nodular graphite in the heat-affected region. In the full 
section tension test, failure occurred in the pipe metal well 
away from the weld. In another instance a hydrosta- 
tically stressed joint was subjected to repeated hammer 
blows, without failure. On the basis of these and other 
tests, it was decided to retain the remaining joints in serv- 
ice. Whether this decision is justified will be revealed 
by further service. The authors indicated their inten- 
tion of making annual examinations of some of the joints. 

Hopping and White” found that the graphite of mod- 
erately graphitized sections could be returned to carbide 
by heating for 2 hr. at 1700° F. to dissolve the graphite in 
austenite, from which, on cooling, carbide precipitated. 
Apparently no mechanical tests such as those by Weis- 
berg were made. Hopping and White conceived of the 
renormalizing treatment as one which, though probably 
not preventing further graphitization, would extend the 
useful life of pipe or joints already in service. This seems 
reasonable, though, as the authors point out, it is often 
difficult or impossible to apply such a treatment owing to 
physical difficulties. 
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Fatigue Tests of Spot Welds: 
Improvement of Their Endurance 
Limit by Hydrostatic Pressure 


By Georges Welter* 


Spot-welded Alclad 24ST aluminum alloy speci-’ 
mens, also stainless steel and mild steel speci- 
mens, have been investigated with regard to 
their metallographical and mechanical proper- 
ties in the ‘as-received’ condition as well as 
after special treatment of the spots under high 
hydrostatic pressure. On basis of radiographs 
of each weld mostly sound specimens could be 
selected for investigation under fatigue tests 
ranging from O to maximum tension loads. 
These tests revealed that an appreciable in- 
crease of the endurance limit of spot-welded 
alloys is possible if, after welding, the spots are 
treated by being placed under high hydrostatic 
pressure; this pressure was gradually increased 
to 230,000 psi. At 10,000,000 cycles an im- 
provement of 250 to 300°7, of the fatigue resist- 
ance of 24-ST alloy specimens seems quite pos- 
sible. 


I.—Introduction 


aluminum alloy sheets, this investigation? has 

been carried out in order to find the best method 
for strengthening spot welds and the highest possible 
fatigue load they can carry. 

If tested statically under tension, which produces 
prevailing shear loads, the spot welds show a satisfactory 
resistance. However, a different picture of electrically 
welded joints is obtained when they are placed under 
repeated loads of a dynamic character, such as found 
in all mobile structures as motor -cars, locomotives, 
railway and street-car carriages, airplanes, busses, 
ships, ete. Under fatigue loads, test results of which 
have been published recently, the strength of this type 
of welds is greatly affected, and the fatigue limit is 
surprisingly low. These extremely low values measured 
under repeated loads during laboratory tests may give 
some explanation for the insufficient resistance obtained 
with spot-welded structures as for instance bus or railway- 
car bodies. Usually these bodies are made with riveted 
joints instead of electrical welds because practical experi- 


Ba on preliminary test results with spot-welded 


* Ecole Polytechnique, Montreal, Canada. 

| This investigation has been carried out with funds of the Welding Re- 
Search Council, Fatigue of Spot Welds Committee, New York. The experi- 
mental part, dealing with a fairly new subject, was carried out by the author, 
assisted temporarily by a mechanic or a helper in preparing specimens and 
adjusting them in the fatigue machines. 
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ence has shown that for these structures riveted joints 
are much more durable than welded joints. It follows 
that spot welding would be applied in many such in- 
stances were it not for the disastrous experiences growing 
out of attempts to apply this process without further 
treatment. 

With regard to these extremely low values of the en- 
durance limit of spot-welded aluminum alloy sheets, 
preliminary tests have been made with the aim of finding 
some way of improving the fatigue resistance of light 
alloy sheets. These tests show that under fatigue loads 
only about 16% of the average static shear strength can be 
attained in single spots, and double spots seem to sup- 
port even less than 10% of the average. Also, Hess' 
found for a fatigue life value of 5,000,000 cycles, as 
established with sound spot-welded Alclad 24ST alloy 
sheets of 0.064 in. thickness, the range of stress at point 
of failure is about 13 to 15% of the average static shear 
strength; the type of loading applied to these specimens 
consisted of a pulsating tensile stress on the sheet, super- 
imposed on a steady tensile stress amounting to 10% 
of the average static shear strength. Furthermore, 
Hartmann? reports on completely reversed fatigue tests 
of Alclad 24ST alloy spots of 0.064-in. thick sheets, 
which at 10,000,000 cycles support an average load of 
50 to 60 lb. per spot; if an average static shear strength 
for these sheets is supposed to be about 1000 Ib. (mini- 
mum prescribed value, 864 Ib.) this fatigue limit repre- 
sents less than 10% of the static shear strength. Re- 
cently similar fatigue test results have been recorded by 
Templin.? The endurance limit for aluminum alloy 
3S spot-welded sheets of 0.064 in. thickness, subjected to 
complete reversal of stress, has been found to range from 
9 to 13% of the static shear strength. He states, further- 
more, that: ““These ratios are not as great as those 
normally obtained for riveted lap joints in aircraft 
materials.’ In a paper on fatigue of aluminum alloys 
Forrest‘ reports on fatigue tests made on single spot 
welds of Alclad sheets DTD 546A of 0.036 in. thickness 
and carried out under fluctuating tension /Px (1 + '/3)/ 
with an ultimate shear strength of 492 to 517 lb. per 
spot. The strength of these spots at 20,000,000 cycles 
was 60 + 30 lb. per spot, which is about 12% of the 
ultimate shear strength. After preloading these welds 
with a static load, equal to */; the average static stress 
at point of failure, for a period of 10 sec., the fatigue 
strength is 90 + 45 lb. per spot, which is, after this 
mechanical improvement, about 18% of the ultimate 
static shear strength. During preliminary test series 
about the fatigue resistance of spot welds carried out 
at Ecole Polytechnique in 1946, it could be shown that 
the number of cycles absorbed by specially treated speci- 
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mens was 10 to 12 times greater than that one of un- 
treated specimens tested under the same fatigue load. 

The treatment for the improvement of electrically 
welded joints consists principally in a mechanical 
process by which extremely high local pressures are 
applied on both sides of the weld after the welding opera- 
tion is accomplished and the weld has cooled down to 
room temperature. It is a general shop practice during 
electrical resistance welding to apply a certain amount 
of pressure through the electrodes to the specimen. 
This welding pressure is necessary to hold the sheets 
together for an effective flow of the electric current as 
well as to prevent metal expulsion during the metal- 
lurgical welding process in the fused area; for thin 
sheets this pressure is seldom higher than a few hundred 
pounds, and only for thicker sheets (0.1 in. and more of 
high resistance aluminum alloy, for example) does it 
exceed 1000 lb. It is evident that the welding pressure 
must be fairly low to avoid deterioration of the welded 
material which during the process, is in a melting or semi- 
melting condition. Furthermore, the usual construction of 
the welding machines shows that these pressures are not 
very high, otherwise the arms and frames of this type 
of machine could not stand these high loads. In the 
usual welding machines pressure is applied on the 
electrodes before, during and for some time after com- 
pletion of the process of inducing fusion of the metal by 
means of the electric current; it can be changed only 
within narrow limits if permanent deformation in the 
welded zones is to be avoided. 

On the other hand, the characteristics of the new 
post-welding treatment to improve spot welds are a 
separate mechanical treatment of the welds after the 
welding procedure is finished as well as applying ex- 
tremely high local hydrostatic pressures on the spot. 
This can be done in special machines independently of 
the welding apparatus or in a combined, special heavily 
built welding machine after the weld is made and the 
welded material has cooled to a certain extent. 


(a) (a’) 


Fig. 1—Some Typical Specimens of 24ST Mild Steel and Stainless Steel Before and After Mechanical Treatment 
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These extremely high pressures applied over thie who}, 
area of the weld are of the hydrostatic type and the, 
exceed the elastic limit of the weld apprecia!ly, p, 
this mechanical high pressure treatment the weld in ¢h; 
fused area of the spot is changed from a cast and «nneale; 
crystal structure into a wrought and cold-work«d mate. 
rial of much higher mechanical properties, especiaj}y 
those concerning its fatigue resistance. Also the ny. 
merous imperfections in all cast metals and alloys, « 
cracks, fissures, porosity, transcrystallization, pinholes 
segregation, harmful residual stresses, etc., are serioys) 
reduced in the weld by this process. The mechanical} 
treated homogeneous crystal structure in the spot are, 
is given greatly improved yield strength and a fatigy, 
resistance very much higher than that of untreate 
welds. To attain this effect it is evident that com. 
pression loads higher than those of the usual elastic 
limit or the yield strength range of the treated material 
are necessary. Even much higher compression loads 
than the ultimate breaking load of the welded materia) 
(at least 3 to 5 times this value) have been applied 
successfully in producing the desired effect of high 
endurance resistance in material mechanically treated 
in this way. Also a few tests were made after the com. 
pressed welds had been submitted to a short heat 
treatment.’ Other mechanical treatments of the weld 
with or without a combination of additional heat treat 
ment as previously proposed by the writer, have not 
yet been tried out. For example, pressures applied in an 
irregular manner over a whole area of the spot by using 
let us say, multiple smaller local pressure areas spread 
over the weld according to different patterns, or by using 
a small point of higher pressure in the middle surrounded 
by one or more circles of smaller points of variable pres. 
sure, have not yet been taken into consideration; als 
the effect of radial plastic deformation of the weld achieved 
by introducing conical dies or punches into several 
small holes, and other processes have not yet been 
studied. 


(b) 
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Fig. 2—General View of Pulsator No. 1 


II.—-Research Program 


The following research program, as proposed by the 
Welding Research Council (Fatigue of Spot Welds, 
Sub-Committee of the Resistance Welding Research 
Committee), has been taken into consideration during 
1947: 

1. Tests of spot welds from zero to tension in low- 


ment 
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Fig. 3—General View of Pulsator No. 2 


FATIGUE TESTS OF SPOT WELDS 


Fig. 2 (a)—Close-up of Specimen 


with Grips 


carbon steels, Alclad 24ST, and stainless steel 18-8. 
Perhaps one or two thicknesses could be used, and per- 
haps one or two spot sizes. 

2. The same tests should be repeated with the same 
materials, the same thicknesses, the same spot size; 
in short, everything the same except for different varie- 
ties of the so-called Amelioration Treatment. 

It was further suggested to include section examination 
of the spot welds and the recording of any helpful supple- 
mentary data to secure complete information in regard 
to the preparation of the specimens, the size and shape 
of electrodes, amount of pressure, current and timing 
and similar information on the amelioration treatment, 
so that all experiments could be duplicated in other labo- 
ratories or in practice if found desirable. At the begin- 


Fig. 3 (a)—Close-up of Specimen with Grips 
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(a) 


Fig. 4 (a)—Simple Compression Device for Spot Welds; (b) Guiding Device for Compression of Spot Welds: 
(c) Device for Compression under Hydrostatic Pressure 


ning of 1948, the first part of this program has been 
carried out and the results obtained during one year of 
research in the laboratory of Ecole Polytechnique are 
described below. 


Ill.—Material and Specimens Tested 


The three basic structural materials, Alclad 24ST, low 
carbon steel and stainless steel 18-8, were spot welded 
in a local aircraft factory on a condenser Type A.-C. 
Current Welding Machine (‘‘Rudel Progressive Welder, 
Weltronic Timer, Model 130-75H, Type N-A, 550 v., 
60 cycles”). To start with, the different alloys were 
welded under greatly varied conditions in order to deter- 
mine the optimum working conditions and the best 
possible physical properties of the three different mate- 
rials. The setting of the machine was as stable as 
possible in order to secure the best possible specimens. 
Later on, two other series of Alclad aluminum alloy 
specimens were secured from another source. 


Preparation of the Specimens 
1. Aluminum Alloy Specimens of 0.064 In. Thickness 


Welded Under Normal Workshop Conditions.—Prior to 
spot welding all specimens were treated according to the 
standard practice; special aircraft factory specifications 
were used in order to remove oxide film, grease and sur. 
face impurities. The aluminum alloy samples wer 
degreased, washed and dried and then polished with steel 
wool and cleaned with a clean cloth; the use of etching 
solution (hydrofluoric acid, commercial grade), was, 
after a number of tentative tests, discontinued, as it 
seemed that the acid-treated specimens did not show 
much better mechanical results than those simply 
brushed and cleaned. The machine setting for the 0.06+- 
in. Alclad 24ST specimens was as follows: voltage 1450; 
charge rate 7; 22 condensers of 120 MF each; air pres- 
sure 67 psi.; the electrodes, file-flattened and paper 
polished, were of 5/ in. diam. for specimens Nos. | 
to 12 and '/, in. for specimens Nos. 13 to 186. The 
voltage for these specimens was reduced to 1350 volts 
The forging pressure of 1400 to 1450 Ib., as indicated by 
the welding machine, was checked by a Thomson pres- 
sure meter; it actually measured 1425 to 1475 Ib. The 
electrodes contour was at the top 4-in. radius and flat 
at the bottom; squeezing time 12 sec., hold time 14 sec. 
The minimum required shear strength of welded speci- 


Fig. 5 (a—b)—Radiographs of Some Specimens of 24ST Alclad 0.064-In. Thickness Sheets. 
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Fig. 6 (a—b)—Defects of Single Spots. x 3to x 5 


mens of 0.064 in. thickness is, according to aircraft 
specifications, about 864 Ib. per spot. 

Preliminary tests were necessary to determine the 
dimensions of the samples as well as the diameter of the 
spots; specimens, as used for the fatigue tests, are shown 
in Fig. 1. 

During the last period of this investigation two other 
series of spot-welded Alclad 24ST alloy specimens (25 
samples of 0.064 in. and 97 of 0.051 in. thickness) were 
secured through the Welding Research Council, New 
York.* These specimens were also checked by X-ray 
before delivery, and radiographs were taken of each 
spot. Prior to spot welding the material was chemically 
degreased and cleaned by immersing it for 5 minutes 
in a cold solution of nitric acid (120 gr. per liter), 
hydrofluoric acid (2.0 gr. per liter) and Nacconal N.R. 
2.0 gr. per liter) in water. The material was then rinsed 
in cold water and dried. Samples were welded on a 
condenser energy storage type welding machine, using 
the following schedules: 


0.064-In. Material 0.051-In. Material 


Volts 2450 2250 

Microfarads 2180 2180 

Electrode force 2600 Ib. — 1000 Ib. 2600 Ib. — 1000 Ib. 
forging forging 


Electrodes used were Elkaloy ““A’’—‘/, in. diam. The 
electrode in the bottom arm had a flat face while top 
electrode had a 4-in. radii domed face. 

2. Mild Steel and Stainless Steel Specimens.—For 
mild steel and stainless steel specimens the great difficul- 
ties encountered in making sound and reliable spot 
welds in aluminum alloy were practically nonexistent, 
and after a short time of experimentation fairly sound 


‘samples of these two alloys were produced regularly in 


greater quantities. Nevertheless, every specimen was 
X-rayed and radiographs taken to obtain the necessary 
information regarding the soundness of the spots and 
thus to avoid any unnecessary failure during the long- 
time fatigue tests with these specimens. 


IV.—Apparatus and Testing Machines Used 


The static tests to determine the shear strength of the 
specimens were made on a Universal 60,000-lb. Baldwin 


* Spot welded by Aluminum Company of America, at New Kensington, Pa. 
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Southwark testing machine, using the low range (2400 
Ib.) of this machine. The grips for fixing specimens 
in the machine were of the flat type. This machine 
was also used to put the specimens under hydrostatic 
pressure (see Section V); the applied pressure was 
checked by autographic records of the machine. 

On the other hand the fatigue tests in cyclic tension 
were carried out on two pulsators, one with a maximum 
capacity of + 5000 Ib. and about 600 cycles per minute 
(at the beginning~450 cycles per minute) and another 
unit of a maximum capacity of = 3000 lb. and 1750 
cycles per minute. It should be pointed out that com- 
pared to the usual bending fatigue machines of the R. R. 
Moore type working with 10,000 loading cycles per min- 
ute, the tension-compression pulsators are fairly slow 
machines, for which the necessary time to obtain the 
same number of cyclic loads is, respectively, for both 
pulsators 60:1 and 16:1. Figures 2 and 3 show photo- 
graphs of these two pulsators. Both machines are run 
by a.-c. motors of */, and '/2 hp. 


V.—Mechanical Amelioration Treatment of Spot- 
Welded Specimens 


24ST Aluminum Alloy 


The mechanical postwelding amelioration treatment 
of the specimens consisted, as already mentioned, in the 
application of high hydrostatic local pressure over the 
welded area of the spot. For this purpose the first 
information tests were made by placing small hardened 
steel cyclinders of '/2 in. diameter on both sides of the 
spot of the welded specimens. The specimen, with 
cylinders, was placed between the compression tables 
of the Universal Baldwin testing machine and the highest 
possible loads were applied to the specimen. The 
maximum load which could be applied under these condi- 
tions without a very marked flow of the material was— 
for '/,-in. diam. steel cylinders—about 17,000 to 18,000 
Ib., that is, about 86,000 to 92,000 psi. This compression 
load is about twice as high as the yield strength of 24ST 
alloy. Thus a fundamental transformation of the struc- 
ture could be expected, the spot being of the cast or 
melted type with its low fatigue resistance. After the 
treatment the cast structure should approach that of 
the wrought material by showing much better mechanical 
properties under fatigue stresses. In fact, as will be 
shown in the second part of this paper, even now dis- 
tinctly higher number of cycles under push-pull or 
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pull-pull fatigue loads were observed. This high hydro- 
static pressure was repeated several times on different 
specimens, and the specimens were tested without 
heat treatment and also following a short heat treat- 
ment of the spot material at temperatures of about 
400 to 420° F. Somewhat higher temperatures applied 
during a very short time are also possible. This pres- 
sure of 80,000 to 90,000 psi. cannot be regarded as the 
highest possible compression load, as it was not applied 
hydrostatically from the beginning. Under these local 
pressures, surpassing the breaking load of the material, 
the metal already starts flowing visibly. Small cracks 
under the surface of the steel cylinders could be observed, 
as well as the beginning of a kind of curling of the sheets, 
showing a small clear space between the two spot-welded 


sheets. This clear space is a sign of local flow of th 
material around the steel cylinders. Also the {act tha 
the compressed areas were not exactly opposite each 
other, thus causing another eccentricity or misalignmen; 
of the cylinders, it was necessary to use a guiding deyic. 
as shown in Fig. 4 (a) in order to hold the speciinens o; 
both sides exactly in the central line of the spot. Py. 
thermore, the shape of the compressing surfaces of th 
cylinders was varied by using flat faces or surfaces having 
a certain radius of curvature (radius about 2 to 4 in, 
This curved compressing face of the steel cylinder was 
necessary in order to obtain a certain regularity oj 
pressure through the spot, as the concave shape of the 
spot itself is due to the electrode with a 4 in. radiy 
Actually, the untreated spots showed a thickness of only 


(a) 


(d) 


Fig. 7 (a-d)—Macro-Structures of Cross Sections of Treated and Untreated Sound and Defective 24ST 
Aluminum Alloy Specimens 
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9.119 to 0.12 in. in the center of the weld instead of 
9.124 to 0.126 in. in accordance with the thicknesses 
of the sheets varying between 0.062 and 0.064 in. A 
; ssion of 17,000 to 20,000 Ib. with a flat steel 
piston did not appreciably change the thickness of this 
weaké st point of the spot (0.119 in.). Only from 20,000 
fb. upward was the middle of the spot attained, and 
under 30,000 Ib. its thickness was reduced to 0.1125 in. 
under 40,000 Ib. the thickness was only 0.101 in. in the 
middle of the spot. Loads higher than 30,000 to 35,000 
Ib., representing 155,000 to 180,000 psi., were not applied 
as the flow of the material under these circumstances was 
already very pronounced. Under these very high loads 
the use of a flat compression face of the cylindrical steel 
piston produced fissures because of the sidewise flow 
of the material. Furthermore the diameter of the 
\/,-in. cylinder was later reduced to */s in. in order to 
cover and compress only the spot itself and not too 
much of the adjacent sheet material of the weld. 

To be in a position to increase still more the com- 
ression stress on the spot, a pressure, in so far as possible 
of a hydrostatic nature, has to be applied. For this 
purpose a device as shown in Fig. 4 (b) was used. It 
was composed of two solid platens fixed together with 
four strong '/2-in. bolts and having in their middle opposite 
holes for the guidance of the steel cylinders. These 
platens, screwed tightly on the welded specimen, pre- 
vented the specimen from curling round under the local 
pressure which could be markedly increased by use of 
this device. The higher friction between the platens 
and the samples prevented the material from flowing 
sidewise and shielded the compressed section from 
appreciable exterior changes in its dimensions. In 
order that the shape of the largely concave spots can be 
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easily acted upon by a uniform pressure over the entire 
surface, aluminum disks of about ‘/,; in. thickness were 
placed between the hardened steel cylinders and the 
spot weld itself. With the */s-in. diameter steel cylin- 
ders and intermediate aluminum disks, loads of 22,000 
Ib., that is a unit compression stress of 200,000 psi., 
could be reached without very marked deformation and 
plastic flow of the sheet material in the neighborhood 
of the spot. At higher loads of about 220,000 psi., 
under a load of 24,000 Ib., a very pronounced flow of the 
material took place reducing the thickness of the speci- 
men to less than 50%. 

By a final device made to prevent the sheets from 
completely flowing sidewise, somewhat higher pressures, 
being in this case practically of a full hydrostatic nature, 
could be attained. Flat stainless steel sheets were 
clamped between the platens of the specimen holders so 
as to prevent the material from flowing in the longi- 
tudinal direction near the edge of both sheets, as shown 
in Fig. 4 (c). With this device, compression loads of 
230,000 psi. on Alclad 24ST alloy specimens could be 
applied without any visible permanent deformation of the 
welded sheet outside the spot. In fact, the only channel 
in which the material could flow was through the two 
ends of the specimen, protruding from the device, which 
has the form of a die clamped tightly together with four 
1/,-in. diam. screws. The friction in these small sec- 
tions (0.064 x 1'/ in.) of the sheets and along the platens, 
however, seems sufficient to prevent internal flow of the 
material, and a still higher hydrostatic pressure may be 
realized. Compression tests of this kind, that is, with a 
die hermetically closed on all sides so that exclusively 
hydrostatic pressure can be applied on the specimen, 
have not yet been carried out. It seems however, to 
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Fig. 8 (a—d) 
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| the spot also was as high as possible. 


ry instructive from a theoretical point of view to 
iknow the “ordre de grandeur’”’ of the maximum fatigue 
tresses Which specimens treated in this way are able to 


be ve 


-arry indefinitely. It is evident that under these loading 
conditions, that is, complete hydrostatic pressure, loads 
practically as high as desirable can be applied and 
"i 0,000 psi. Or even up to 1,000,000 psi. may be possible 
in so far as the material of the clamping device can with- 
stand these extra high pressures. 

In connection with these questions some information 
tests of this type have been carried out with small 
and very small specimens (minimum dimensions */; 
x 5/, x 0.64 in.) under hydrostatic pressure of over 
1,000,000 psi. to learn if some fundamental characteris- 
tics of light alloys (of the Duralumin type, for instance) 
can be improved by these extremely high pressures and 
eventually how an external flow of the material can be 
prevented. 


Ferrous Spot-Welded Specimens 


For these specimens the hydrostatic pressure used on 
The difference 
lies in the varying diameters of the spots; the com- 
pression cylinders had a smaller diameter than those 
used at first for the aluminum alloy specimens. The 
first tentative compression load was about 225,000 
psi. for both alloys, low-carbon steel and stainless steel. 
No very pronounced deformation to indicate important 
flow of the material in the area of the spots could be 
detected. In Fig. 1 (6) are represented some speci- 
mens before and after the amelioration hydrostatic 
compression treatment. 


VI.—Test Results 


| X-ray Investigation 


From the beginning of this investigation it was recog- 


| nized that an accurate nondestructive X-ray examination 
| of the welded spots would be of great help in indicating 
' the quality and strength properties of the joints which 


were very irregular. By taking a radiograph of every 


_ spot a selection between fairly sound and faulty speci- 
' mens was possible, having on record an accurate survey 


of the possible internal defects of the welds (see also 
McMaster and Lindvall*). The nondestructive X-ray in- 


| vestigation was of specially great importance for the 


planned fatigue tests of the destructive type, as presence 
and extent of cracks, porosity, shape and size of the weld 
zone as well as holes or other major defects of the spots 
could be traced before the specimens were submitted to 
the long-time fatigue tests. 

In some of the radiographs of the 24ST Alclad speci- 
mens, manufactured for these fatigue tests under special 
optimum working conditions, under a magnification of the 
spots (about 5/1. in. ¢), important faults became clearly 
visible as may be seen by Fig. 5 (a-0), representing some 
characteristic defective spots under a magnification of 
about 3 X to5 X. Very heavy edge expulsion ‘outside 
of the spot as represented in Fig. 5 (a-b) or cracks in the 
middle of the nugget of varying detrimental degree as 
shown in Fig. 6 (a) or very pronounced holes sometimes 
surrounded by smaller cracks as shown in Fig. 6 (0), 
could easily be detected without testing or using any 
destructive method on the specimens. On the other 
hand, this method reveals only crude and pronounced 
faults in the spots. It gives no information, for in- 
stance, on welds showing metallurgically insufficiently 
welded spots or oxide film between spots, longitudinal 
cracks, segregation of the cast metal in the nugget, 
unequal penetration, small Alclad inclusions, coarse 
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crystals, transcrystallization, layered structure a.s.o.; 
all these defects, mostly not visible in the X-ray film, 
cause fairly low mechanical properties of the welds, 
especially under fatigue loads. 

Mild Steel and Stainless Steel (18—8).—In spot welding 
these samples practically no special difficulties were 
encountered in the factory. However, in order to elimi- 
nate any possible defective spots in these ferrous ma- 
terials, 37 mild steel radiographs and 129 radiographs of 
stainless steel (71 samples of '/, hard and 58 samples of 
1/, hard material) were made, giving a fairly good record 
regarding the soundness of these materials. According 
to the radiographs taken of the spots of all tested steel 
specimens it could be shown that they were completely 
sound as far as could be determined from the results of 
these radiographic tests. 


Metallographic Investigations of Spot-Welded Specimens 


To confirm the above X-ray results of the spot-welded 
samples a certain number of specimens, which the radio- 
graphs showed to be sound, were analyzed with regard 
to their micro- and macro-structures. Sections were 
taken of the specimens in a transverse direction, thit is, 
in a plane vertical to the surfaces of the welded sheets, 
showing the profile of the spot and its principal charac- 
teristic zones. In a few specimens also the welded 
nugget itself, in a plane situated between the sheets, 
was examined with regard to its microscopic and macro- 
scopic structures. ‘ The principal faults encountered in 
the structure of the nugget made visible by etching are 
shown in Fig. 7 (a-c). Holes, voids, cavities, cracks 
and other irregularities are visible in the nuggets shown 
in this figure under a magnification of 2 X to3 X. The 
sections of specimens treated by hydrostatic pressure 
compared to untreated spots are also visible in this 
figure. A sketch, as represented in Fig. 7 (d), shows the 
principal differences between the cross-section of me- 
chanically untreated (I) and treated (II) specimens. 
According to the shape of the compression piston the 
profile of treated specimens can naturally be changed 
in fairly wide limits. 


Mechanical Test Results 


Fatigue Under Zero to Tension Tests.—The results of the 
fatigue tests under repeated loads of zero to tension, 
varying between 300 Ib. as a minimum and a maximum 
load of about 650 Ib., are shownin Figs.8 and 9. These 
results are presented in a statistical manner (columns) 
more or less in the order in which they were obtained 
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Fatigue Test Results on Pulsator No. 2 


Fig. 9 (a—c) 
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Fatigue Test Results on Pulsator No. 2 


Fig. 9 (a—c) 


on the two pulsators Nos. 1 and 2 and on which these 
tests were made. The number oft specimens of the 
different series of materials are reported on the horizontal 
axis, aud the number of cycles to point of failure are 
represented in units of 100,000 on the vertical axis up to 
900,000 and 4,000,000 cycles. The results of all treated 
and untreated specimens tested on pulsator No. 1 
about 100 single test results) are shown in Figs. 8 (a-d). 
All characteristics about materials, special treatment and 
condition of the spot weld after fatigue tests, are given 
in a legend. On the other hand, all specimens tested 
under fatigue loads on pulsator No. 2 (over 70 single 
test results) are represented in Figs. 9 (a-c). The 
untreated specimens as-received are represented by 
black columns, while mechanically treated specimens 
are shown in white columns; furthermore, specimens 
broken by shearing of the spot are marked by a black 
point at top of the column; but if broken by cracking 
in the spot or in the sheet around the weld a cross is put at 
the top of the column; and if an expulsion is visible in the 
broken specimen a black circle with a point in the center in- 
dicates this defect. Specimens which did not break show 
an arrow at top of the column indicating that the repeated 
load could be continued without failure, but the tests 
were stopped at the number of cycles determined by 
height of the column. Specimens other than Alclad 
24ST alloy as mild and stainless steel are represented by 
columns of about half the width of those used for the 
Alclad samples. 

1. Test Results Recorded on Pulsator No. 1: As 
represented in Fig. 8 (a) these specimens with a thickness 
of 0.064 in. and a weld spot diameter of about "/,9 in. 
tested exceptionally under —300 to +300 Ib., showed in 
the untreated condition (as-received from the producer) a 
fairly low number of cycles before failure. The average of 
four specimens (Nos. 1 to 4) was of the order of about 
50,000 cycles; they failed by shearing of the welded zone 
or by cracking in or around the spot. In Fig. 10 are 
shown photographs of some typical results of this kind of 


& 
a 


Fig. 10—Photographs of Broken Specimens 
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fractures in spot-welded Alclad 24ST alloy sheets. The 
following specimens Nos. 10 to 24 of Fig. 8 (a) represent 
the results of brief tentative tests with samples having 
at center of the spot a perforation of a diameter varying 
from 0.04 to 0.125 in. These tests were made to deter- 
mine if eventually over the welded area of the spot there 
are parts of different fatigue resistance. Analogous 
tests have been reported by Grover and Jackson.’ 
Surprisingly, the perforated untreated specimens show, 
with one exception (Specimen No. 17), a fatigue resist- 
ance much higher than the solid spots. The average 
of five specimens (Nos. 10-12, 15 and 16) was about 3.5 
times higher than that of specimens Nos. 1 to 4 without 
a hole. Even after reducing the welding section at 
center of the spot over 15% compared to the solid section 
having about 0.075 sq. in., the number of cycles did not 
fall under the average of the solid spot, but was increased 
over 2.5 times. Reducing the section only by about 4 
to 5% at center of the spot the average number of cycles 
of two specimens (Nos. 10 and 16) was increased to 4 
times that of the solid specimens. Perforated and 
mechanically treated specimens (Nos. 23 and 24) by 
subjecting to hydrostatic pressure of about 18,000 Ib., 
representing a compression stress of about 90,000 psi. 
on the spot, showed no special effect because the welds 
were defective; a heavy expulsion of the type shown in 
Figs. 6 (a—b) reduced the resistance of these perforated 
specimens. However, a hydrostatically compressed 
specimen (No. 5), also using unit stresses of 90,000 psi., 
did not break under these cyclic loads. After 1,470,180 
cycles, that is, over 25 times the number of cycles with- 
stood by the untreated welds, this specimen was removed 
from the machine showing no weakness of the weld. 

Figure 8 (6) shows results of testing untreated and 
mechanically as well as thermally treated spot-welded 
specimens under repeated zero to tension loads of 450 
Ib. The number of cycles are represented on a scale of 
200,000 up to a maximum of 2,000,000. Most of {the 
mechanically treated specimens were compressed under 
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hydrostatic pressure of 17,000 lb. representing, for a 
compression piston of '/. in. diameter, about 85,000 
psi. unit stress on the spot. Some of these specimens 
were repeatedly compressed (6 times), using the same 
ultimate compression load and changing the position 
of the piston in relation to the spot after each load. 
Other specimens (Alclad 24ST) were heat treated after 
compression, that is, aged for a short time ('/; to 1'/; 
hr.) under fairly high temperatures (410° F.) under the 
assumption that a certain degree of quenching of the 
material takes place immediately after the spot has been 
welded and rapidly cooled due to the high thermal 
conductibility of this material. At the left of this 
figure (8 (b)), represented by black columns, are the 
results of tests of untreated specimens in the as-received 
condition. These specimens broke for the most part 
by fissures in or around the spot; some others broke by 
shearing of the interface of the welded sheets; the aver- 
age number of cycles of ten of these samples was about 
78,000. - Also, the treated specimens represented by the 
blank columns are much more resistant to these high 
cyclic loads of zero to 450-lb. tension, all of them ab- 
sorbing a higher number of cycles than the average of 
the untreated specimens,-and about 30% absorb approxi- 
mately 1,000,000 or more cycles before rupture. One 
specimen (No. 33) did not break after having absorbed 
over 2,000,000 cycles. 

The results of tests of specimens under varying condi- 
tions, using various hydrostatic compression stresses 
ranging from 85,000 to 230,000 psi. and tested under 
cyclic loads from zero to 550 Ib. in tension, are repre- 
sented in Fig. 8 (c). Especially, different shapes of the 
compression faces of the piston transmitting high stresses 
to the spots, as well as using soft material such as small 
aluminum cylinders between the steel piston and the 
spot in order to transmit a most uniform load on the 
sheet, were tried out with more or less success in this 
test series. Two untreated specimens showed about 
250,000 cycles, while the treated welds, if without any 
defect which could not be detected by the X-ray method, 
showed a fairly impressive number of cycles. The use 
of a convex steel piston with a radius of about 4 in. 
seems not at all favorable to improving the fatigue resist- 
ance of the spots, while both the concave piston of 
about 2 in. radius and the transmission of the load 
through soft aluminum cylinders seem to be more suitable 
as specimens Nos. 112, 117, 131, 144, 84.and 94 indicate. 

Similar results of fatigue tests with 24ST Alclad of 
0.064 and 0.052 in. thickness, as well as those of stain- 
less steel, '/, hard and '/, hard, and of mild steel, are 
shown in Fig. 8 (d) with a maximum vertical scale 
of 2,000,000 cycles. The untreated specimens are again 
represented by black columns and the unit stress on the 
mechanically treated spots was 200,000 psi. for 0.064- 
in. thick and 90,000 psi. for 0.052-in. thick 24ST Alclad 
sheets, while hydrostatic pressure of 230,000 psi. was 
used for stainless steel and mild steel specimens. For 
the untreated aluminum alloy spot welds with an average 
of 100,000 to 200,000 cycles, except for some defective 
welds, a number of cycles 8 to 10 times higher could be 
reached with compressed specimens and even a more 
favorable proportion between untreated and treated 
(90,000 psi.) thin sheets of 0.052 in. thickness, was attained. 

The stainless steel and mild steel spot-welded samples 
of 0.033 and 0.039 in. thickness gave results somewhat 
different from those of aluminum alloy. The difference 
in the number of cycles of specimens in the untreated 
condition compared to those of hydrostatic compressed 
welds seems to be less satisfactory; an increase of 2 or 
3 times the number of cycles of untreated specimens 
was achieved. The number of tests carried out with 
these materials, especially regarding the influence of 


different factors on their mechanical properties, have 
however, not yet been sufficiently studied to draw fp, 
conclusions on this subject. 

2. Test Results Recorded on Pulsator No. 2: Sox, 
results of untreated specimens tested on pulsator Ny 
which, in comparison with pulsator No. 1, has a differes; 
loading characteristic, are shown in Fig. 9 (a). Und, 
a repeated tension load of 0 to 300 Ib. applied to weld 
specimens in the as-received condition an average y 
about 850,000 cycles was reached, and the specimen 
failed by shearing or by cracking in the spot. Unde 
a higher tension load of 0 to 450 lb. the average repeat; 
loading up to failure dropped to about 280,000 cycl, 
for untreated specimens.- All these specimens (Nog 
13, 17-20) broke by fissuring around the spot. 

For still higher cyclic loads, that is, from 0 to 550 j) 
in tension, all test results with 24ST Alclad specimen; 
of 0.064 in. thickness are represented in Fig. 9 () 
Here, again, the results of treated specimens compresse( 
under hydrostatic loads of 150,000 to 230,000 psi. and on 
a 4,000,000 cycles scale show an outstanding improve. 
ment. Untreated specimens broke as usual under , 
very low number of cycles (100,000 to 200,000). With 
the exception of defective spot welds (expulsions o; 
insufficiently welded spots, as Nos. 99 and 132) and 4 
few incorrectly treated specimens (convex or soft alumi- 
num transmission piston, specimen Nos. 69, 82, \) 
all hydrostatically compressed spots under loads oj 
85,000 to 230,000 psi. withstood a much higher number 
of cycles than the untreated specimens. To most oj 
these samples at least 4,000,000 to 5,000,000 cycles were 
applied without failure of the spot. Six specimens resisted 
at least 8,000,000 to 10,000,000 cycles, some of them 
without failure, and two specimens absorbed 18,000,() 
and 29,000,000 cycles without rupture or any change in 
the spot weld. The legend together with the signs on 
the columns indicate the different conditions of treat. 
ment of these specimens. 

In Fig. 9 (c) are shown all fatigue tests carried out 
under cyclic loads of 0 to about 650 Ib. tension with 24ST 
Alclad alloy of 0.064 and 0.052 in. thickness (left), as 
well as some preliminary results with stainless and mild 
steels (right). For the thicker spot-welded sheet oi 
0.064 in. a very high number of cycles could also be 
recorded without any damage to the spot. With one 
exception they supported over 4,000,000 cycles, and even 
more than 7,000,000 and 10,000,000 cycles (Nos. 166 
and 10) without any change in the spot or welded sheet. 
On the other hand, even the load of + 650 Ib. seems too 
high for the thin spot-welded sheet of 0.052 in. All 
tested samples failed by shearing under a few thousand 
cycles whether mechanically treated or not. Only one 
specimen (No. 40) hydrostatically compressed with 155,- 
000 psi. showed over 1.4 million cycles before rupture 
in shearing took place. This means that with thinner 
sheets also an improvement of the fatigue resistance 
will be possible; it seems, however, that the most favor- 
able conditions for this treatment are not yet known. 
The shape of the steel pistons that, with their concave 

ressure surfaces, are the same as those used for the 
thicker sheets, should be changed for thiese sheets. The 
maximum possible hydrostatic load for these thin sheets 
should also be determined. Tests on this point are now 
under way at the beginning of 1948. 

The same restrictions are applicable to stainless and 
mild steel specimens of which only a few tentative tests, 
carried out at the end of 1947, are shown in Fig. 9 (c). 
(right). Especially the '/, hard 0.031-in. thick welded 
sheets show only a slight improvement in the number 0! 
cycles relative to the application of compression loads 0! 
230,000 psi. Here, too, the most favorable conditions 
for mechanical treatment of these thin sheets must first 
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Two of these untreated specimens (Nos. 2 and 13), 
in the as-received condition, under a fatigue load of 0 
to 650 Ib. tension, showed an average of about 290,000 
eveles before failure by cracking took place; while two 
other specimens (Nos. 7 and 10), that, before the test, 
were put under a hydrostatic pressure of 230,000 psi. 
using concave dies, did not break, and absorbed more 
than 7,000,000 and 10,000,000 cycles respectively. 

Similar results have been recorded regarding three 
mild steel specimens of 0.039 in. thickness. The un- 
treated specimens (Nos. 7 and 9) showed an average of 
480,000 cycles compared to Specimen No. 5 which, 
after treatment with concave dies under a pressure of 
930,000 psi., showed over 10,000,000 cycles without 
failure. The fatigue load in this case was even higher 
than 650 Ib. and was, as checked at the beginning and 
end of this period of cycles, of the order of about 710 Ib. 
The specimen was completely unchanged after having 
absorbed this fairly high number of cyclic tension loads. 
Some broken specimens are shown in Fig. 10. 

In plotting the above-recorded fatigue values of un- 
treated Alclad 24ST alloy specimens of 0.064 in. thick- 
ness, together with other published results of fatigue 
tests of the same type (pulsating in tension) and the same 


material, the shadowed ‘area of Fig. 11 may represent 
the fatigue loads of this material. All average values of 
sound welds for the various loads, as recorded during 
this investigation, fall within the boundaries of this area 
which may be considered as average possible fatigue 
values of sound spot-welded Alclad 24ST alloys of 0.064 
in. thickness under pulsating loads (minimum to maxi- 
mum tension), scattering, as generally known, over a fairly 
wide range. At more than 10,000,000 cycles, a load of 
about 200 lb. per spot may be regarded as a good average 
value for this material. Comparing this fatigue value of 
untreated specimens in received condition with that of 
specimens mechanically treated under hydrostatic loads, 
a greater number of the latter specimens withstood 
550 Ib. per spot without failure after several million 
cycles, and even as high as 29,000,000 cycles for speci- 
men No. 38. And at 650 Ib. per spot, from 4,000,000 
to 10,000,000 cycles were applied without failure (speci- 
mens Nos. 6, 102, 14, 166, 10). This indicates that the 
fatigue limit at 10,000,000 cycles is higher than 650 
Ib. per spot. The value of the endurance limit at 
higher loads (between 650 and 800 Ib.) may possibly be 
found as indicated in the shadowed upper area. 

From these results the following temporary conclusion 
may be drawn: Because of the described hydrostatic 
treatment of the spots under very high local pressure, 
an improvement of about 250 to 300% of spot-welded 
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Fig. 11—S-N Curve with Fatigue Test Results of Untreated and Treated Alclad 24ST Aluminum Alloy Speci- 
mens of 0.064-In. Thickness 
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Alclad 24ST aluminum alloy sheets (0.064 in. thickness) 
may be considered possible at a fatigue limit of 10,000,000 
cycles. For a smaller number of cycles, say 1,000,000 
this fairly high percentage of improvement decreases 
somewhat and is of the order of 200 to 250%. This is 
true because the upper showed area is less steep than the 
lower area; practically both areas join each other at 


half a cycle, that is, at the ultimate static shear load of 
the weld. 


Summary and Conclusion 


Based on previous information tests of mechanically 
treated spot welds of Alclad 24ST and 75ST alloys show- 
ing encouraging results with regard to the remarkable 
improvement in resistance against fatigue loads, a more 
elaborate test series with a welded aluminum alloy, 
stainless steel, and mild steel, have been carried out 
during the year 1947. Because of serious difficulties 
encountered in the manufacture of sound spot-welded 
Alclad 24ST aluminum alloy sheets of 0.064 in. thickness 
on a Standard Spot Welder, a nondestructive X-ray 
method had to be developed by which to distinguish 
between sound and defective spot welds. This identi- 
fication of sound welds before testing was very useful in 
unproving the efficiency of these long-time fatigue tests. 
Fairly satisfactory radiographs of each individual spot 
(368 in all) were made in a local aircraft factory; apart 
from this, 100 other specimens of Alclad 24 ST alloy of 
two different thicknesses were spot welded and X-rayed 
in an aluminum factory at the end of 1947. These 
radiographs made it possible to distinguish between 
welds with major defects and sound ones; this is impor- 
tant, especially in the selection of aluminum alloy speci- 
mens that show a fairly high percentage of unsound 
welds. Unfortunately this method does not reveal 
munor imperfections of the spots, such as transcrystalli- 
zation, layered structures, Alclad inclusions, inter- 
granular precipitation all of which may, however, 
seriously weaken the mechanical properties of the welded 
metal. The X-ray examination was completed by a 
structural study of cross sections of the welds under 
higher magnification. With this destructive test method 
the contours and penetration of the nuggets as well as 
cracks, cavities, etc., could be detected. 

The main part of this investigation consisted in a 
special treatment of spot welds in order to improve their 
mechanical properties. These aluminum alloy welds, 
have an extremely low endurance limit, especially under 
alternating loads. Thus, according to fatigue tests 
carried out over here, 15 to 16% of the ultimate static 
shear load of Alclad 24ST and 75ST alloys have been 
found. These results are supported by other investi- 
gators, finding values of the fatigue load to be about 
10 to 15% of the ultimate static breaking load. 

The mechanical treatment for the improvement of 
welds consisted in the application of high hydrostatic 
pressure over the area of the spot weld. Starting with 
compression loads of about 86,000 psi. they were gradu- 
ally increased to 230,000 psi. This fairly high com- 
pression stress does not, however, seem to be the optimum 
pressure possible of attainment with regard to the 
achievement of the highest fatigue resistance. Espe- 
cially for stainless steel and mild steel have these pressures 
not yet been sufficiently studied to express an opinion 
regarding their ultimate effect on the endurance limit of 
these materials. 

The results of tests carried out under static loads show 
clearly the fundamental difference in the mechanical 
strength properties of Alclad 24ST spot-welded speci- 
mens as compared to stainless steel specimens, for ex- 
ample. Due to numerous defects of the spots the pre- 
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scribed minimum tensile strength is not attained wip) 
even consistence and the scatter of these results is fair), 
high. The exceptionally high hydrostatic pressure, ;. 
applied to the welds during this investigation, scems po; 
to improve appreciably their static resistance in tensjoy, 
However, from the numerous fatigue tests carried oy 
with specimens in the as-received condition as well x 
after having undergone hydrostatic pressure, it can 
stated that an appreciable improvement of the fatigy 
properties has been recorded. These fatigue tests 
carried out on two different types of pulsators are jy 
fairly good accord indicating that the fatigue load ,/ 
mechanically treated specimens can be increased m. 
terially without sustaining failure of any welded Alcla; 
24ST aluminum alloy samples. The untreated sample 
however, for which the lower fatigue limit could no: 
yet be established, failed under a fatigue load of onl 
300 Ib. after a few hundred thousand cycles. Thy 
endurance load should be, according to previous results, 
of the order of about 10 to 16% of the ultimate static 
load, which may in this case represent repeated loads 


of about 100 to 200 Ib. On the other hand it was of tk 
possible to show that hydrostatically compressed welds the 
absorbed much higher fatigue loads. At the conclusion othe 
of these tests, at the end of 1947, a load of 0 to 6% M 
Ib. maximum tension was reached, and sound mechani. whit 
cally improved specimens did not fail under repeated and 
loads of several million cycles. The limit of cycles for mat 
these information tests was between 4,000,000 and 5,000.. It 
000 up to 10,000,000 and in one special case 29,000,90) rest 
times this load has been repeated without any visible has 
change in the welded spot. From the above results by’ 
temporarily the following conclusions can be drawn the 
an improvement of about 250 to 300% of treated spots Thi 
compared to spots in the as-received condition seems tra 
possible. $10! 
These tests should, however, be extended to still higher 
fatigue loads as well as to a higher number of cycles, at 
least in a few cases, to determine the final endurance 
limit of these welds at over 10,000,000 to several hundred 
million of cycles. Also a comparison of the improved | 
spot welds with riveted joints, as used in aircraft would wh 
doubtless be of greatest interest to show the superiority no 
of mechanically treated spot welds over riveted joints. sh 
This could be easily done by checking regularly the trans- tal 
verse rigidity of the riveted joints after a certain number be 
of cycles, that is their static torsional resistance com- ni 
pared to spot welds. These joints will probably show th 
up to be incomparably superior to riveted joints which, D 
as generally known, under repeated loading loosen up ju 
gradually but continue to carry load. Effects, such as he 
recorded with hydrostatically compressed Alclad 24ST sc 
alloy sheets, have been found in mechanically treated Pp 
stainless steel and mild steel specimens. Here, too, the as 
limit values, neither of the fatigue load nor the number 0! b 
cycles, could be finally determined, due chiefly to the low 
speed of the repeated tension fatigue machines and to li 
the restricted number of machines available. : 
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The Meaning and Measurement 
of Transition Temperature 


By R. D. Stout* and L. J. McGeady* 


Introduction 


URING the past several years the occurrence of 
structural failures in ships and pressure vessels 
has given a strong impetus to the investigation 

of the fracture characteristics of steel in connection with 
the effects of design,’ steel type,”» * welding *~* and 
other fabrication operations. 

Much effort has been spent to devise testing methods 
which will reproduce the behavior of actual structures, 
and the results of these tests have been analyzed from 
many viewpoints as to their significance. 

It is in connection with the interpretation of the test 
results that the writers have become convinced that there 
has been too little consideration given to the part played 
by the particular criterion which is chosen for evaluating 
the so-called “‘transition temperature’ of the steels. 
This paper will attempt to show how vital the criterion of 
transition temperature can be in governing the conclu- 
sions which are drawn from test results. 


Testing Methods 


It is almost impossible to list all of the test specimens 

which have been proposed and utilized in evaluating the 
notch sensitivity of steel. Specimens of all sizes and 
shapes have been studied extensively, including the 
familiar Charpy test, the notched tensile test,’ plate tests 
both internally notched and externally notched,* ° the 
nick-bend test,” the longitudinal notch bend test, * ' ™ 
the tear test,'?, 1° the Gensamer Schnadt-type test,'* the 
DeForest notch bend test’ and the welded T-bend test,® 
just to mention afew. In all of these designs, the desire 
has been to match the behavior of actual structures, and 
some attempt has been made to show that each one ap- 
proaches such a goal. Of all of the test specimens, the 
internally notched wide plate is at present considered to 
be the nearest approach to this goal. 
_ At the same time, there has also been an equally long 
list of criteria considered for evaluating the transition 
temperature of the steel when tested by the methods 
mentioned above. These criteria fall into several groups 
of the sort shown in the following table: 


Criteria of Transition Temperature 


Energy Ductility Strength Fracture 

Totalenergy absorbed Bendangle at Yieldtoulti- Shear - to - 
maximum mate ratio cleavage 
load fracture 

Energy up to maxi- Reduction of Nominal 

_ mum load area strength 

Energy after maxi- Elongation 

mum load 


* Metallurgy Dept., Lehigh University, Bethlehem, Pa. 


Even after a particular type of measurement has been 
selected for analysis of the results, it is necessary to estab- 
lish a critical numerical value of this measurement which 
will define the transition temperature of the steel. For 
this purpose the only guide has been the figures furnished 
by engineering experience with structural members. In 
many cases the proper value is only approximately 
known. 

It is not surprising, therefore, to find in the literature 
many conflicting results and conclusions on this subject. 
In a few years it may be possible to resolve some of these 
questions and narrow down the field of choice of both test 
specimen and transition temperature criterion. A step 
in this direction will be discussed later in the paper. 


Transition Temperatures vs. Criteria Which Measure 
Them 


It is probably true that much of the work on testing 
methods has been instigated by dissatisfaction with the 
capabilities and behavior of the Charpy test. Of many 
instances, the most recent and striking has been its failure 
to correlate with the results of the wide plate tests. 
Thus, many investigators have been struggling to dis- 
cover a laboratory test specimen which will provide in- 
formation which will agree with these highly informative 
but expensive tests. Some success has been reported 
with tear test'? and slow notch bend test specimens." 
Incidentally, there is some reason to wish that the tran- 
sition temperatures determined on the wide plate tests 
were substantiated by more data than are now available. 
The limited number of points obtained give no indication 
of what scatter band may be expected in these tests. 

The authors are convinced that the choice of specimen is 
far less critical to correlation of test methods than is the 
choice of the criterion used to establish the transition tem- 
perature. In any event, the identical criterion should be 
used in any such correlation. It is unreasonable to ex- 
pect that energy measurements on one type of specimen 
should allow correlation with ductility measurements on 
a second specimen or with appearance of fracture on a 
third. They do not necessarily measure the same 
property of the steel, nor may all of them measure the 
property of real significance. 

Let us see what conclusions are reached if results are 
compared when strict attention is paid to the nature of 
the criterion. This laboratory had available plates of 
the ship steels studied elsewhere with wide plate speci- 
mens, Charpy tests, tear tests and Gensamer bend tests. 
Because of its suitability to the testing of welded plates, 
the longitudinal notch bend test has been used at Lehigh 
with dimensions shown in Fig. 1. These same subject 
steels were tested here in the prime condition by the 
longitudinal bend test and also by the Charpy V-notch 
method. In order to compare the behavior of the steels 
in the various testing methods, the common criterion of 
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Fig. 1—Longitudinal Bend Specimen 
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transition temperature was chosen to be that temperature 
at which 50% cleavage failure was observed. This single 
criterion was applied to all of the testing methods. 
Such a criterion is useful for unheat-treated structural 
It is not suitable for high-carbon or alloy heat- 


In Fig. 2 are compiled the results on the five test 
It will be noted that all five tests rate the 
steels in the same order, and moreover locate the tran- 
sition temperatures at about the same temperature level. 
It appears, therefore, that any of these testing methods 
will yield significant information about the steels, if the ‘ 
proper criterion of transition is used for evaluation. 30 
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An Additional Aspect of Transition Criteria 
Another important phase of the question of notch sen- os (EP 
sitivity of steel arises in connection with the effects of | 
welding. Here again the choice of a transition criterion -100 -50 


will influence the conclusions to be reached. 
The data to be presented here are typical of large 
number of tests conducted on welded longitudinal notch 
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Fig. 2—A Comparison of Test Methods on Prime Plates Using Fracture as a Criterion 
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mend tests.» ” It is generally recognized that the weld- 
sng operation will induce an impairment of the notch re- 
sistance in structural steels. The extent of this impair- 
ment depends greatly on the type of steel that is welded. 
Rut it also will appear to depend on the method that is 
chosen to measure it! 

~ 4 0.259% C Si-killed steel was tested by means of the 
jongitudinal notch bend test as-rolled, and as-welded 
with different welding conditions, and also as postheated 
after welding. The results were examined as to the bend 
wngles at maximum load and as to the types of fracture 
btained. These two sets of data are presented in Fig. 3. 
in the basis of bend angles, the effects of welding con- 
itions and of postheat on the transition temperature of 
the steel are quite marked. On the basis of type of frac- 
ture, there is decidely less effect to be noticed. Which 
st of results is significant? 

Similar results can be shown for a variety of steel 
analyses. In Table 1 are listed prime plate and welded 
olate transition. temperatures, based on bend angles and 
on type of fracture, respectively, for steels of various 
melting practices and chemical compositions. In almost 
all cases the two criteria lead to quite different interpre- 
tations of the effect of welding. 


Discussion of Results 


One is led to believe from the results presented above 
that the first task in testing the notch sensitivity of steel 
is to decide how that sensitivity is to be evaluated. 
Much of the discrepancy among testing methods may be 
traced to the difference in measuring standards. 

If the various transition criteria can cause discrepancies 
of the type shown here, the question may properly be 
raised as to which of them are significant and which are 
meaningless. The writers would not attempt to answer 
such a question at this point. There are some comments, 
however, that may be pertinent. 

One may attempt to divide the criteria of transition 
temperature roughly into two groups. Measurements 
such as bend angle at maximum load, contraction of area, 
and elongation are probably all measurements of the 
ductility of the steel before cracking becomes extensive. 
On the other hand, fracture appearance, nominal 


Table 1—Transition Temperatures of Prime Plates and 
Welded Plates by Lehigh Longitudinal Notch Bend Test 


—Bend Angle— -——Fracture-—— 


Criterion Criterion 
Prime Prime 
Plate, Welded, Plate, Welded, 
0.21C rimmed, normalized —65 50 120 140 
.21C rimmed, as-received —50 10 160 175 
0.15C semikilled, as-re- 
ceived —70 0 —20 10 
0.15C semikilled, normal- 
ized —90 30 — 25 (?) 40 
0.25C  semikilled, as-re- 
ceived —20 150 130 150 
0.18C killed, as-received —75 40 50 45 
0.18C killed, normalized —15 55 50 50 
0.14C Mn-Ti, as-received —95 55 0 50 
0.15C Mn-Ti, as-received —60 80 100 85 
0.23C Mn-Ti, as-received —10 105 100 110 


_ All welds were deposited with */;, in. E6010 at 175 amp. and 10 
in./min. travel speed. 

All plates were */, in. thick. 

The bend angle transition temperature was selected as that 
Lemperatre where the bend angle had fallen to 10° at maximum 
oad. 

Che fracture transition temperature was determined by the 
appearance of 50% cleavage failure in the cross section. 
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strength, and energy after maximum load measurements 
reflect the behavior of the steel during propagation of the 
crack across the section. Now it is frequently found that 
certain steels will not be rated in the same order by cri- 
teria of the first group as they will be by those of the 
second group. Also, the location of the transition tem- 
perature, as established by the criteria of the first group, 
may be considerably lower than that indicated by those of 
the Second group. 

There is considerable evidence to show that the criteria 
of the first group are strongly dependent on the geometry 
of the specimen, while the second group appears relatively 
insensitive to the geometry factor. Thus, variation in 
the notch radius or the specimen width will alter the bend 
angle behavior markedly while the fracture characteris- 
tics remain essentially constant. In Fig. 4 are shown re- 
sults from tests on a 0.25% C killed steel and a 0.21% C 
rimmed steel in which the notch dimensions were altered 
from 0.04 in. radius at 0.080 in. depth to 0.01 in. radius at 
0.125 in. depth. Note that the cleavage fracture transi- 
tion temperature remained almost unchanged, but the 
bend angle data moved noticeably to higher transition 
temperatures as the notch severity was increased. 

In wide plate tests, the temperature at which ductility 
drops sharply does not appear to be much below the tem- 
perature at which cleavage fracture appears. This can 
be deduced from comparison of energy to maximum load 
values with percentages of cleavage fracture.* The 
energy values reflect ductility changes, since the strength 
of the steel does not change much with temperature. 
The tear test and the longitudinal bend test, however, 
both display considerable separation of the two tran- 
sitions. 

It becomes increasingly evident that a proper choice of 
a criterion for transition temperature must be made so 
that on it can be based the evaluation of steel properties 
which will determine the steel’s behavior in service. 
The criterion to be chosen may be a function of the serv- 
ice that is intended. Thus, it is too early to condemn 
some criteria and recommend others. 

In ship structures it is logical to emphasize the ability 
of the steel to resist the growth of a crack across the steel 
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section, because such a property will determine whether 
the ship can reach shore or not. Ina pressure vessel, the 
deformation which the steel can display before cracking 
proceeds may be most important in controlling the per- 
formance of the vessel. 

The effect of welding on the transition temperatures ac- 
cording to bend angle and fracture type has been shown 
above. A reason why welding alters the ductility (bend 
angle) so markedly, but the tendency to fail by cleavage 
so slightly, can be advanced. The weld zone is a potent 
source of crack formation and thus reduces the deforma- 
tion possible before cracking, but it is largely the un- 
affected base plate which controls the crack propagation. 

From all of this discussion one is unable to decide which 
criteria are important and which are not important. 
Certainly it is essential that further investigation of the 
transition criteria be carried out before any decision is 
possible. At any rate, there is no justification for in- 
discriminant mixing of criteria in the analysis and com- 
parison of test results. 

It is hoped, therefore, that further consideration will be 
given to the criteria which are used to measure the notch 
sensitivity of steel: (1) to reconcile and perhaps stand- 
ardize methods of measurement, and (2) to broaden and 
clarify our conceptions of the fundamental properties of 
steel which determine its flow and fracture. 


Summary 


The paper may be summarized as follows: 

1. The notch testing of steel is characterized by the 
use of a multitude of specimen designs and a multitude of 
criteria upon which the determination of transition tem- 
peratures is based. 

2. Investigators have shown discrepancies in results 
among specimen designs and have sought a design which 
would most nearly coincide with service performance. 

3. Whena single, suitable transition criterion is chosen 
for comparison of steels, the steels are rated in the same 
order by a wide variety of testing methods. 

4. The effects of welding on the transition temper- 
atures of steel were examined by the bend angle behavior 
criterion and by the type of fracture. The bend angle 
showed a large effect due to welding, while the fracture 
appearance showed very little. 

5. The criteria of transition temperature may be 
divided roughly into two groups. One group deals with 


the ductility of the steel before cracking becomes appr. 
able; the other with the tendency to propagate ,, 
crack. The transition temperatures indicated by 


first group do not necessarily correlate with those in; 
cated by the second group. 

6. There is some evidence that the criteria of the §, 
group are sensitive to specimen design while those of 
second group are relatively little affected by that fac, 

7. Welding may affect the notch sensitivity of g, 
largely by providing a ready origin of crack formatiy, 
It appears to have little influence on the propagation 
the crack once it is formed. This is true at least j, 
cracks which are transverse to the weld seam and the, 
fore not confined to it. 


8. It is hoped that increased attention will be paid; 
the question of the criterion which is to be used for dete: 
mining so-called ‘transition temperatures.” 
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| Developments in High-Speed Rotating Disk 
Research at M.LT. 


a 


Abstract 


| The development of the Whirl Pit and 
Warious auxiliary equipment is described 
Yor the large-scale testing of steel plates 
iinder high-speed rotation. A report of 
the pilot tests made on disks having vari- 
cous methods of support, both welded and 
unwelded, is included. Photographs of 
typical bursts and the flow patterns de- 
termined are described. 


Introduction 


HE uniform circular disk, rotated at 
high speeds about its central axis per- 
pendicular to the plane of the disk, provides 


Sa very useful and convenient means of 


Sformly over 
offers various advantages over its chief 


studying the plastic flow and fracture 


properties of full size sections of a given 


material. At the center of the disk and 
for an appreciable distance from the cen- 
ter, a state of nearly equal biaxial tension 
stresses exists in both the radial And tan- 
gential directions and this is applied uni- 
the plate thickness. It 


competitor, namely, the tube subjected to 
internal pressure and axial loads. In the 
latter, due to the local bulging of the tubes 
before fracture, not only does the calcu- 
lation of the stresses become difficult 
being essentially the problem of a curved 
plastic shell subjected to both membrane 
and bending stresses), but experience has 
shown that it is extremely difficult, if not 
impossible, to maintain a constant ratio 
of the true stresses up to fracture by con- 
trolling the high-pressure pump and the 
testing machine. The rotating disk, on 
the other hand, automatically maintains 
the radial and tangential stresses nearly 
equal (the most important ratio of biaxial 
stresses in relation to brittle fracture). 
It is also quite feasible to test thick disks 
at relatively small cost, thus making 
possible the testing of full-size sections. 
The cost becomes prohibitive to make 
tube tests on material of a comparable 
thickness, and even if carried out, the wall 
thickness would not be uniformly stressed. 
More important, however, the rotating 
disk can be used to investigate the flow 
and fracture properties under combined 
stress of the base plate material without 
welding, as well as with welding. The 
tube test is usually only feasible without 
welding in small sizes and wall thicknesses. 
Above this, it is necessary from a practical 
standpoint to weld the plate material after 
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Fig. 1—Section View of Whirl Pit 


forming in order to fabricate tubes of 
large sizes and plate thicknesses. Fur- 
ther, it is relatively easy to subject the 
rotating disk to high or low temperatures. 

With these desirable features in view, a 
project was started at M.I.T. before the 
last war in order to develop equipment 
suitable for making combined stress tests 
under high-speed rotation. After some 


pilot work, however, the project had to be 
postponed due to concentration on other 
urgent war projects. Lack of personnel 
and procurement difficulties prevented re- 
sumption of the investigation until 1946 
when active work was undertaken again. 
In the meantime, other war research on 
the influence of residual stresses (one of the 
original problems to be undertaken) com- 


Fig. 2—View of Whirl Pit Partially Disassembled 
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Fig. 3—Schematic Plan View of Apparatus 


pleted by that time, indicated that a shift 
in emphasis of the project to more fun- 
damental lines was desirable. Accord- 
ingly, it was proposed to W.R.C. by the 
authors that the project be re-oriented 
toward a study of the flow and fracture 
problem by this method particularly in re- 
lation to the brittle transition temperature. 

From the resumption of the work in 

1946 to Jan. 1, 1948, most of the effort was 
devoted to the design, procurement, fabri- 
cation, installation and testing of the 
equipment. In addition, methods of sus- 
pension of the disks, protection, operation 
and instrumentation techniques were 
developed. Only pilot tests on various 
disks were made for the purposes outlined 
above. A certain amount of strain data 
was also obtained incidentally from these 
tests, but data was not the primary objec- 
tive of this phase of the work. Due tothe 
steel shortage after the equipment was 
operable, it was not possible to obtain 
pedigreed steel which precluded the de- 
sirability of detailed strength and duc- 
tility studies at that time. In addition, 
due to the shortage of funds, the project 
was advised by W. R. C. about 6 months 
ago to undertake no appreciable additional 
expenditures. 

It is the purpose of this paper to de- 
scribe the equipment developed for testing 
the disks under high-speed rotation, and to 
report the results of the pilot tests so far 
concluded. This is in the nature of a 
summary report of the investigation con- 
ducted up to Jan. 1, 1948, while the pro- 
ject was under W. R. C. auspices. Begin- 
ning Jan. 1, 1948, the project is being 
sponsored under contract by the Ship 
Structure Committee and the Bureau of 
Ships of the U. S. Navy. 


The Whirl Pit 


The Whirl Pit developed at M.I.T. is 
capable of testing disks up to 8 in. in 
thickness and as large as 30 in. in diameter. 
For bursting tests, however, the minimum 
diameter is about 12 in. O.D. for ship 
plate. 
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The rotating disk specimen is suspended 
in a horizontal position by a vertical drive 
shaft 5/s in. in diameter and 22 in. long as 
shown in Fig. 1. The drive shaft passes 
through a hollow shaft of the driving 
steam turbine and is joined to the upper 
end of the hollow shaft with a shear pin. 


Since the drive shaft is articulated at its 
upper end to the turbine and at its lone 
end to the disk with no bearing surface 
between these two points, it provides q 
very flexible driving method. 

A single-stage horizontal Terry-type 
G.-E. steam turbine? drives the disk speci. 
mens. The direction of rotation is reve. 
sible since the turbine wheel is provides 
with two sets of buckets machined jy 
opposite senses. The top speed of the 
turbine is 35,000 rpm. The designed ra; 
ing is 82 hp. at 25,000 rpm. for 180 pg) 
saturated inlet steam and 20 psi. absolut, 
exhaust. The present installation use 
185 psi. saturated inlet steam and atmos. 
pheric exhaust. Compressed air carries 
the vertical thrust and floats the turbine 
rotor and specimens. 

The turbine rests on the top cover of 
13-ton pit constructed of Navy Class B 
armor plate§. As can be seen from Fig], 
the cover plate (4 in. thick) is attached to 
a circular boss (also 4 in. thick) projecting 
into the specimen chamber. The total 
weight of cover plate and boss is 3!/, tons 
The bottom plate and boss have similar 
weights and dimensions. The main armor 
plate containing a hole (40 in. in diameter 
for the specimen chamber is 17 in. thick 
and weighs 6 tons. The top and bottom 


t This turbine was obtained from War Surplus. 
It is manufactured by the Barbour-Stockwell 
Co, of Cambridge, Mass., for the General Electric 
Co. 

§ The armor plate for the pit was donated by 
the Bureau of Ordnance, U. S. Navy. 


Fig. 4—Control Panel for Whirl Pit 
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Fig. 5—Center Nib Type Solid Disk 
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cover plates (except for the circular bosses) 
and the main armor plate containing the 
specimen chamber are square. The mini- 
mum wall thickness in the main armor 
plate is 10 in. The top and bottom armor 
cover plates are separated from the main 
= by means of continuous neoprene 

askets in order to maintain a vacuum in 
re test chamber. The upper and lower 
cover plates are held together by twelve 
91/, in. diam. by 30-in. long steel bolts 
lying in “U" shaped serrations cut in the 
edges of both plates as shown in Fig. 2. 
An over-head 7-ton crane is utilized to 
move the armor plates in assembly for a 
test or for inspection. 

The test chamber is lined with small 
structural steel plates and lead pigs in 
order to absorb the energy of a burst and 
still preserve the broken specimen without 
severe damage to it. After 2 or 3 bursts 
the lead pigs are remelted and cast in a 
mold constructed for the purpose so that 
the lead can be re-used over and over 
again. 

It is necessary to take various pre- 
cautions in order to contain a burst safely 
since excessive energies are involved for 
the rupture of even ship plate by high- 
speed rotation. For example, to cause a 
burst of a solid disk of low-carbon steel, 26 
in. in diameter (the type now tested) and 
l-in. thick, a speed of at least 11,000 rpm. 
is usually required. The total kinetic 
energy released at burst, will be of the 
order of 1,824,000 ft.-Ib. and this must be 
contained by the whirl pit. To obtain a 
graphical picture of this magnitude, it is 
approximately equivalent to 2 automobiles 
weighing 2 tons each hitting the opposite 
sides of the armor pit (since the disks 
usually break in halves) at a speed of 85 
mph, For thicker disks and for higher 
strength steels, the energy to be absorbed 
at burst will be much greater than this. 
Although the tests are made in vacuo, a 
portion of the radius of the disk is at 
supersonic velocities based even upon the 
velocity of sound in air at. atmospheric 
pressure. To provide additional safety 
for the operators, further steps are now 
being taken to install remote controls be- 
hind a concrete wall 4 ft. thick; a protec- 
tive housing for the turbine is being con- 
structed, etc. 

All tests are conducted in a vacuum 
which is maintained within the test cham- 
ber of the whirl pit. This is necessary in 
order to reduce the horsepower required to 
drive the disks at high speeds, and to pre- 
vent excessive heating of the specimen due 
to windage, As an indication, estimates 
have shown that about 156 hp. would be 
required at 15,000 rpm. (due to air drag) 
to drive a disk 26 in. in diameter and 1'/, 
in. thick in air at atmospheric pressure. 
Similarly, calculations predict that the 
temperature rise initially would be roughly 
245° F. per minute for this case. In such 
experiments where it is desirable to main- 
tain a constant testing temperature as 
closely as possible, a rise of temperature of 
this magnitude would be too great, both 
from the standpoint of the effect on mate- 
rial properties, and also on gaging tech- 
niques, 

The vacuum system consists of a CVD 
556 Kinney vacuum pump (blank out 
pressure at 2 microns of mercury), a Doll- 
inger Staynew CVH-5 vacuum filter, a 
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Pirani hot wire gage (1 to 750 microns 
range), and a Bourdon low-vacuum gage 
(0-30 in. mercury). The vacuum pump 
and filter are connected into the system as 
shown in the schematic plan view of the 
apparatus in Fig. 3. The best vacuum 
obtained so far has been in the micron 
range, but greater than 750 microns which 
is the upper limit of the Pirani gage. The 
difficulty of securing a higher vacuum re- 
sults from the necessity of using 480 linear 


inches of vacuum gasket on an unfinished 
armor plate surface. The surfaces of the 
armor are out of plane by as much as 2 in. 
and are badly pitted. Sufficient funds 
were not available during this period, how- 
ever, to machine the gasket surfaces on the 
armor plate. In spite of this, sufficient 
vacuum was obtained to limit the heating 
of the specimens to less than 50° F. during 
a 30-min., run. 

As may be seen in Fig. 4, the temporary 
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Fig. 6—Center Nib Type Welded Specimen 
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Fig. 10—Failure of Lap-Welded Disk 5 Showing Lueders’ 
Lines Starting at Weld. Bursting Speed 12,500 Rpm. 


panel board contains the following instru- 
ments and controls: an aircraft-type 
tachometer indicator (this instrument 
shows the instantaneous turbine speed, 
total revolutions and total time), a Pirani- 
type hot-wire high-vacuum gage, bour- 
don low-vacuum gage, steam pressure 
gage, air pressure gage, oil pressure gage, 
fine and course inlet steam throttle valves, 
reversing steam throttle valve, solenoid 
steam quick shutoff for forward direction 
steam,an emergency solenoid quick shutoff 
steam valve, and various oil, air, steam, 
vacuum switches and valves. 

Whenever the shaft breaks or the speci- 
men bursts, a solenoid-operated steam 
valve closes the inlet steam to prevent the 
turbine from overspeeding. Steam can 
then be directed to the reversing buckets of 
the turbine to act as a brake on the rotor. 
After every test to destruction it is neces- 
sary to replace the flexible shaft to the tur- 
bine (a supply of these is kept on hand), 
and the oil damper bearings. 

The Whirl pit and the auxiliary equip- 
ment for room temperature tests have thus 
been installed, tested, and found to be 
completely operable. 


Suspension of the Disks 


The problem of the satisfactory sus- 
pension of the disks from the turbine shaft 
was investigated in some detail. The type 
of suspension used is different depending 
upon the shape of the disk to be tested and 
the nature of the results desired. 

As far as the ease of installation and 
testing is concerned, the simplest type of 
suspension is that shown in Fig. 5 where a 
center nib is machined integrally with the 
disk, on the top side. The nib is then in- 
serted in a collar and pinned by a shear pin 
to the turbine shaft. This was used in a 
number of the pilot tests conducted to test 
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Fig. 11—Plan View of the Burst Obtained on Butt-Welded 
Disk 9. Bursting Speed 9300 Rpm. 


the functioning of the equipment and was 
found to perform satisfactorily. It has 
the disadvantages of (a) producing some 
constraint at the center of the disk where 
failure will occur, thus disturbing some of 
the ductility measurements and stress 
calculations; (b) requiring considerable 
machining of the disk; and (c) eliminating 
the possibility of testing the full plate 
thickness. Since the equality of the 


Fig. 12—View of Weld in Disk 9 


Fig. 14—Region of Cleavage Failure for Disk 9 
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radial and tangential stresses is not dis. 
turbed because of the maintenance of 
radial symmetry conditions, the stresses 
and strains are affected only locally if the 
nib is small, and the character of the stress 
and strain variation over the radius ofa 
uniform disk is such that their gradient is 
very small near the center, the presence 
of such a nib is, no doubt, not as serious as 
might at first be expected. If a central 
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Fig. 15—Plan View of the Burst of Solid Disk 11. Bursting Speed 11,800 Rpm. 


plug is welded inside a disk having a cen- 
tral hole in order to study the conditions 
at the weld, the presence of a central nib 
a short distance from the weld is not at all 
objectionable (Fig. 6). This was also 
carried out in some of the pilot tests. 
The quantitative influence of a small 
central nib should be investigated, how- 
ever, before it is discarded and it is planned 
to do this later on. 

A more ideal type of suspension from the 
standpoint of the uniformity of the stress 
and strain distributions at the point of 
failure is shown in Fig. 7, where the disk is 
uniform in thickness throughout and no 
disturbance is present at the center. In 
this case, a supplementary flange of high- 
strength alloy steel is fabricated containing 
four slots. The specimen is supported by 
four bolts fastened to it near the periphery 
(in the region of low stress). These bolts 
ride in the slots of the upper flange and 
allow the test disk to expand plastically as 
the speed increases. A test was made of 
this type of suspension but it did not quite 
reach bursting speed due to a bolt failure. 
The test did indicate that this flange sus- 
pension method was feasible although 
more costly than the one discussed pre- 
viously, and further tests of this method 
are planned. In addition to the fact that 
it causes no disturbance at the center of the 
disk, this method also has the advantage 
that tests can be conducted on full plate 
thickness With only sufficient machining 
of the plate required to assure accurate 
disk dimensions. 

Figure 8 shows an additional type of 
Suspension, used to test lap-welded disks, 
which was completely satisfactory. 

Although perhaps of less interest from 
the biaxial stress point-of-view, it is some- 
times desirable to make experiments on 
disks containing a central hole (Fig. 9). 
Some of these were also tried in the early 
part of the program with several suspen- 
sions. Considerable difficulty was ex- 
perienced in maintaining balance after 
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appreciable plastic flow occurred in the 
region of the hole. Since then, a special 
“tulip” type suspension, suggested to the 
authors by Ernest L. Robinson of the 
General Electric Co., shows promise of 
overcoming this difficulty should it be 
found desirable to make further tests of 
disks with central holes. 


Pilot Tests 


During the testing of the equipment to 
eliminate operating difficulties, some data 
were taken of strain distributions in differ- 
ent types of disks and records were made of 
bursting speeds wherever the tests were 
carried to destruction. Since the major 
portion of this phase of the project was de- 
voted to development of the equipment 
and operating techniques, and since pedi- 
greed steel was unobtainable, and sound 
welds for those disks that were welded 
were not produced by the fabricators em- 
ployed, it was not possible to obtain much 


information on strength and ductility from 
these pilot tests. 

Table 1 summarizes the tests conducted 
and supplies some pertinent data for each 
disk. Photographs of actual bursts are 
included in Figs. 10 to 16. In addition, 
the distributions of the plastic strains for a 
number of disks are shown in Figs. 17 to 
20. 

The strain distributions were investi- 
gated by diamond scribing a network of 
fine lines both radially and circumfer- 
entially on the disks before the tests. 
These networks were always measured 
before the test was started and also after 
fracture. In some cases the disks were 
stressed to several stages of partial yielding 
as well, the test interrupted after each 
step, and the networks remeasured. The 
radial and tangential deformations were 
determined by means of a special cathetom- 
eter to within +0.0002 in. The de- 
formations perpendicular to the planes of 
the disks were also determined (to 
+(0.0002 in.) by a specially constructed 
“C” frame containing an anvil and a ball 
point micrometer which could be slipped 
over the edge. The strains computed 
from these length measurements were the 


true strains 
og L.. 
Ly 
t 
= 


where e;, «; and e, are the true strains in 
the radial, tangential and axial directions. 
The lengths L,, L;, ¢, are the radial, tan- 
gential and thickness dimensions at each 
point in the network after deformation and 
these same letters with the additional sub- 
script “0” to the original network lengths 
in these same directions. 
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Bursts 


Typical views of the bursts obtained are 
included in Figs. 10 to 16. Figure 10 
shows the failure of lap-welded disk No. 5 
(Table 1). It can be seen that logarithmic 
spiral flow layers, or Lueders’ lines, begin 


(b) 
Fig. 16—Cleavage (a) and Shear (b) for Solid Disk 11 
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Table 1—Summary of Pilot Disks Tested 


(All 26 In. Diam.) 


Orig. Max. Max. Method fabrication end 
No. Thickness Speed Deformation of construction deteils 
(Inches) Applied (per cent) Suspension 
(R.P.M.) 
1 0.250 10,900 49. Central 3/8" Hot rolled Low Carbon 
(of Bore diam.) hole Steel Plate - as rolled - 
central hole 5/8 diem. 
Support type Fig. 9 
2 0.500 10,000 17.6 
(of Bore diam.) ® 3/4" Hot rolled Low Carbon 
Steel Plate - as rolled - 
central hole 5/8" dian. 
Support type Fig. 9 
3 0.500 8,800 2. 
(of thickness) . Duplicate of Disk No. 2 
4 0.500 9,800 2. 3/4" Hot rolled Low Carbon 
(of thickness) Flange Steel Plate - as rolled - 
Support Solid Disk - Support type 
shown Fig. 7 
5 0.750 12,500 3.3 Lap-welded 1" Hot rolled Low Carbon 
(Burst) (of thickness) Central Disk Steel Plate - Center hub 
with central Nib 4" Diam x 1/2" thick Lep- 
welded to test disk wity 
No. 6020 rod - Support 
type Fig. 8 
6 0.500 11,700 _-- Center Nib 1 1/2" Hot rolled Low 
(Burst) machined Carbon Steel Plate - as 
integrally rollea + Solid Disk - No 
‘ welding-Support Type Fig.5 
7 0-500 Not _—— Flange Duplicate of Disk No. 4 
tested Support 
4 0.500 9,300 — Butt-welded 3/4" Hot rolled steel 
(Burst) central disk plate (0.21% Carbon), 
with center nib Central disk 4" Dian. Butt- 
welded to test Di x 
Double "Vee" hel 
Planeweld (E-1001 
Annealed 1 1/2 hours at 
1275 F before welcing - 
Support type Fig. 6 
10 0.500 10,900 —--- e Duplicate of No. 9 
(burst) 
a Center nib 1 1/2" Hot rolled Low Carbon 
machined Steel Plate (0.23% Carbon) 
integrelly Solid Disk - No welding -- 
annealed at 1275 Ff for 1 1/2 
hours-Support type Fig. 5 
flo. 
12 0.500 11,750 _--- Duplicate of No 
(Burst 
fNo. 1 
3 0.250 Not Duplicate o 
Tested 
: 5.6 Lap-welded Duplicate of No. 5 
0.750 (of thickness) Centrel Disk 
with Central Nib 
tral Cut from Disk No. 2 - 
15 (of annealed 1 hour et 1275 F. 
Support type Fig. 9 
at the weld where failure took place and Figure 11 shows the plan view of the 


extend for an appreciable distance toward 
the circumference of the disk. The burst- 
ing speed was 12,500 rpm. as compared to 
about 11,700 rpm. for an unwelded plate 


burst received for butt-welded specimen 
No. 9. A small central disk 4 in. in di- 
ameter was butt-welded by double ‘‘Vee”’ 
welds into the outer disk as discussed in 


started in an unwelded region at th 
junction of the inner and outer disk, br 
ceeded by shear failure half way to th 
periphery, and then changed to Cleavay 
from this position to the outer edge of ; 
disk. Figures 12, 13 and 14 incjyq, 
larged views of the fracture surface a; y, 
weld, in the region of shear failure and r 
the region of cleavage failure, respectiy.), 
In the latter, the typical chevron; Doi 
toward the center as the origin of failure 
expected. 

The fracture of solid disk No. 11 wy. 
was unwelded but contained a 
machined integrally with the 
(Table 1) is shown in Figs. 15 
This disk burst at a speed of 11,800 5, 
The photographs show that fractup 
started near the center of the disk at 
supporting nib, proceeded by shear fajjy. 
approximately half way to the circy 
ference, and then changed to cleavage fro. 
there on out. Figures 16 (a) and 16 
show the details of the regions of shear ay 
cleavage. The chevrons in the cleayy 
region again point toward the cent 
The cause of the transition from shear 
cleavage is to be found in the modifica; 
of the stress distribution as the crack pr 
agates into a region of low applied rad 
stress. 


Center p 
SPeCime 


and 


Flow Patterns 


The plastic flow of the material in ¢ 
disks under high-speed rotation can 
visualized most readily by referring : 
Figs. 17 to 20, inclusive. Due to the 
known quality of the material (in { 
various disks) which was different fr 
disk to disk, it is not possible to compar 
the flow quantitatively between the diffe 
ent methods of support. These figur 
should be viewed as depicting the typ 
strain distributions only. For the sol 
disk No. 11 shown in Figs. 17 and 18, 
axial (or thickness) strain is compressi\ 
and decreases continuously to the 
riphery. Both radial and tangential stra 
(nearly equal as the center is approached 
are tensile and decrease as the outside 
the disk is approached. The radial strai 
is nearly zero at the periphery. 

Due to the restraining action of the 
welded plate above disk No. 14 (Fig. 19 
the radial and axial strains decrease nea 
the weld. Each reaches a maximum 
short distance from the welded plate 
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of this material. Table 1. It may be seen that failure 
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Fig. 17—Distributions of True Radial (e,), Tangential («) and 
Axial (e,) Strains for Solid Disk 11 After Burst at 11,800 Rpm. 
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Fig. 18—Distributions of True Radial (e,), Tangential (¢,) and 
Axial (e,) Strains for Solid Disk 11 After Spinning to 9350 Rpm. 
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Fig. 19—True Strain Distributions in Lap 


-Welded Disk 14 After 


Spinning to 10,000 Rpm. 


then decreases toward the outside edge. 
The radial strain becomes compressive 
near the outside. The tangential strain is 
everywhere tensile and in general decreases 
toward the outer edge. 

The butt-welded disk No. 10 (Fig. 20) 
shows an interesting effect in that all 
strains appear to decrease inside the 
welded annulus. All strains outside the 
annulus vary in a manner similar to those 
for the lap-welded disk No. 14 just dis- 
cussed, 


Summary 


The development of the Whirl Pit and 
auxiliary equipment at M.I.T. up to Jan. 
1, 1948, for testing disks under high-speed 
rotation has been discussed. - The results 
of various pilot tests are presented showing 
the types of failure at burst together with 
the flow patterns received for disks of 
several types. 
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Fig. 20—True Strain Distributions in Butt-Welded Disk 10 
After Burst at 10,900 Rpm. 
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The paper gives comparative full-scale fatigue 
data of mitre bends and long radius welding 
elbows. Under identical conditions of pipe-line 
expansion 4 in. standard weight welding elbows 
will withstand 2'/, times as many stress reversals 
in bending in the plane and 14 times as many 
cycles in bending transverse to the plane of 
curvature as compared with mitre bends. Stress 
relieving and grinding the welds produce no 
significant change in the endurance strength. 


E imposing volume of literature on piping flexi- 

bility which has accumulated over the last 20 

years bears witness to a tremendous growth in 
interest and understanding of this complex subject. In 
reviewing what has been accomplished and what yet re- 


mains to be done, three separate problems may be recog- 
nized, as follows: 


1. Development of a basic method of analysis. 

2. Research into significant properties of piping com- 
ponents. 

3. Establishment of a suitable failure criterion. 


1. The fundamentals of the problem of a spatial frame 
with fixed ends subjected to a uniform temperature 
change were understood long before piping in the modern 
sense came into existence. The important task re- 
mained, however, to put the solution into an organized 
form so that it could be utilized readily by engineers in 
working out their everyday piping problems. Great 
strides have been made in this direction, and, today, there 
is available a wide choice of analytical, graphonanalytical 
and graphical solutions. of varying degrees of accuracy 
and ease of application. In addition, model-testing 
equipment has been developed which, in the hands of 
experienced operators, yields consistent results for the 
more complex problems with reduted expenditure of 
time. 

2. Any further progress, at least in the direction of a 
more faithful mathematical reproduction of what actually 
occurs in piping in service, is contingent upon basic re- 
search into the behavior of components used in the run of 
the pipe (fittings, flanges and valves) and equipment to 
which the pipe is attached (vessels, tanks, pumps, blowers 
etc.) under imposed bending moments and direct forces 
in conjunction with the effects of internal pressure. 

Toa certain extent, such information has already been 
made available on curved plain pipe. von K4rm4n' and 
Hovgaard’ a long time ago gave theoretical developments 
of the flexibility and stress-intensification factors appli- 
cable to flexure in the plane of curvature of the bend axis. 
Vigness® later expanded Hovgaard’s theory to include 


* Contributed by the Power Division and presented at the Spring Meeting, 
Tulsa, Okla., Mar. 2-5, 1947, of the American Society of Mechanical Engi- 
neers. Cuts loaned through the courtesy of Trans. A.S.M.E. 

+ Chief Research Engineer, Tube Turns, Inc., Louisville, Ky. 
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Fatigue Tests of Welding Elbows and 
Comparable Double-Miter Bends 


By A. R. C. Marklt 
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bending transverse to the plane, and Beskin‘ still mo 
recently furnished a more refined analysis which assigns 
higher flexibility and stress- intensification factors + 
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large-diameter thin-wall pipe bends than have heretofore 


been considered proper. Corrugated pipe, both straight 
and curved, also has received a fair amount of attention 
Donnell’ and Hetényi® have offered theoretical analyses, 
and Dennison’ and Rossheim and the writer® have pre- 
sented results of fatigue tests in comparison with plain 
pipe and, in the case of Dennison, also creased bends. 

No parallel data, however, have yet been published 
with regard to other important piping components, 
among which may be numbered the ubiquitous welded 
girth seam, miter bends, fabricated right-angle intersec- 
tions and laterals, welding tees, crosses and reducers, 
flanges of the diverse types in common use, valves, etc. 

Present-day practice is documented in the ‘‘Code for 
Pressure Piping,’’ which states,’ “calculations shall take 
into account the steady load stress concentration or 
intensification factors found by test to exist in pipe bends 
whether plain, creased or corrugated, and in corrugated 
straight sections; credit may be taken for the extra 
flexibility of such members where flexibility factors have 
been determined from test data.’’ Obviously, the same 
requirements should be applied to other stress-raising 
agencies. 

3. The failure criterion is established in this code in 
the form of an “‘allowable stress range’’ which is given as 
three-fourths of the sum of the normal allowable stresses 
at atmospheric and at operating temperature, with a 
further limitation based upon the tensile strength of the 
pipe material. Using the sum of the ‘“‘cold’’ and “‘hot’ 
allowable stresses as a parameter, while at first sight a 
somewhat unusual procedure, appears logical if the theory 
is accepted (and there is service experience to back it up 
that a piping system will, to a certain measure, seli- 
spring itself as a result of local yielding or creep. In this 
process, excessive stress in the hot condition will tend to 
relax down to the order of the allowable stress normally 
considered applicable at the operating temperature, the 
released portion of the stress reappearing with reversed 
sign in the off-stream condition. In this cold condition, 
stresses related to room-temperature physical properties 
are permissible. 

The limitation just given is to be applied to combina- 
tions of constant stress with the only minor cyclic vari- 
able stresses associated with the normal operation oi 
most plants. For conditions where temperature changes 
are of a definitely cyclic nature or severe vibration is 
anticipated, which may result in failure by fatigue, the 
code specifies that the limit of the safe combined stress 
shall be divided by 2. 

In the author’s experience, application of these rules to 
the average piping system, involving not too frequent 
swings in temperature or pressure, has invariably re- 
~FASA. B3.1, Chap. 3, Sec. 6. 
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Fig. 1—Over-All View of Fatigue-Testing Machine 


sulted in safe design. However, there have been recur- 
ring instances of vibration failure, and the author knows 
of at least one case where fatigue cracks were produced at 
numerous locations in a high-temperature line after 
relatively few cycles of major temperature change. In 
this context it might be pointed out that the present 
method does not distinguish between the steady and 
variable components of the combined stress (i.e., gives the 
same limit for mildly pulsating and completely reversed 
cycles, provided that they produce equal peak stresses), 
and that the decline of the fatigue strength (related to the 
tensile strength) with temperature is not reflected in the 
allowable stress range; also that the sudden step-down, 
without transition, from the stress limit for ‘‘normal 
plant’”’ to “definitely cyclic’’ conditions discourages the 
use of a reduced stress for all except the most severe 
services. 


Outline of Research Program 


In the foregoing, it has been pointed out that a con- 
siderable amount of additional information is still needed 
on the flexibility and stress-intensification factors inher- 
ent in the commonly used piping components. With the 
thought of contributing toward the elimination of at 


Fig. 2—Close-Up of One End of Fatigue-Testing Machine 


least part of the unknowns, the Tube Turns Research and 
Development Dept. has set itself the task of carrying 
through a comprehensive fatigue-testing program on full- 
scale fittings. 

The first test series (reported upon herein) was to pro- 
vide a check of the Hovgaard stress-intensification factor 
as applied to welding elbows and, with this as a basis, to 
establish experimentally a comparable factor for applica- 
tion to double-miter 90° elbows. For both types of 
fittings the following variants were to be explored: 

1. Bending in the plane vs. bending transverse to the 

plane of curvature. 

Bending with and without the application of inter- 
nal pressure. 
3. Effect of grinding the attachment welds smooth 
and stress-relieving the assembly, as compared 
with the ‘‘as-welded”’ condition. 


bo 


The primary purpose of these tests was to provide a 
comparison of fatigue properties of welding elbows with 
those of miter bends. At the same time it was thought 
that the results obtained might lead to a reappraisal of 
the practice now established by the Code for Pressure 
Piping with regard to the setting of limitations upon the 
stresses, or more properly, stress ranges for piping-ex- 
pansion problems. 


Materials and Preparation 


Two types of 90° elbow fittings were tested in the 4-in. 
schedule 40 size. One was a long-radius ““Tube-Turn”’ 
welding elbow with a bend radius equal to 1'/: nominal 
diameter, made under standard production methods 
from identified heats of steel. The second was a double- 
miter bend of optimum hydraulic properties, with an 
equivalent bend radius of about 1.9 nominal diameter and 


TEST CONDITIONS WELDING ELBOW MITRE BEND 
Jt BENDINGIN PLANE TRANSV.BENDING =| | | BENDING INPLANE TRANSV.BENDING 
A: IN THE AS-WELDED CONDITION ° 3 —A 3 vV——6 
B: WELDS GROUND AND STRESS RELIEVED= 3 3— A 3 v 3 
WITH 2200 PSI INTERNAL PRESSURE Vy 
C: INTHE AS-WELDED CONDITION oe 6 o n 4 6 v 6 


Fig. 3—Test Specimens, Conditions and Symbols Used in Charts 
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FATIGUE TESTS OF ELBOWS 
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ing the two alternate forms of elbow, are given in Fig. 3. 


All pipe used was seamless, of carbon steel conforming 


to A.S.T.M. Specification A-106, Grade B, and the weld- 
ing elbows were produced from the same material. The 
physical properties of the different lots used in the tests 
are given in Table 1. They may be taken as representa- 
tive of the variations encountered in pipe of this grade. 


Table 1—Physical Properties of Materials Used in Tests 


Ultimate 
Tensile Yield Elongation, 
Strength, Point, % in 
Psi. Psi. 2 In. 
Welding elbows 86,350 56,200 34.5 
66,000 39,000 38.0 
Miter bends 73,750 48,975 36.0 
65,700 40,625 39.0 
63,850 40,950 42.0 


The specimens were prepared for welding using a 
machined or ground 37!/2° welding bevel with a '/j.-in. 
land. They were accurately lined up and assembled 
without the use of welding rings, leaving a '/\.-in. root 
gap. All welding was carefully carried out, applying 
three passes, the first with a '/;-in. electrode and the two 
following ones with a 5/,.-in. rod. Good fusion and satis- 
factory root penetration were obtained throughout, in- 
cluding at.the miters which offer a more difficult welding 
problem. The above-average quality of the miter weld- 
ing is evidenced by the macrographs, Fig. 9, taken after 
failure of the specimens, and by the smooth, almost flaw- 
less appearance of the ground welded joints, as shown in 
Fig. 8. 

Most of the specimens were left in the as-welded condi- 
tion. Twelve assemblies were given special preparation. 


The welds were ground smooth on the inside and outside 
and a thorough stress relief was applied in an enclosed 
controlled furnace at 1100° F. 


Fig. 4—Test Conditions A and B, Bending in Plane of Curvature 


an axial distance between miter welds of about 1.6 diam- 
eter. Dimensioned sketches of the test assemblies, show- 


Test Equipment 


An over-all view of the specially designed fatigue-test. 
ing machine is given in Fig. 1, and a close-up of one of the 
ends in Fig. 2. Space does not permit a detailed descrip. 
tion of this equipment, and comments accordingly will be 
restricted to the minimum necessary to give an under. 
standing of its operation. The machine is of the specific. 
strain, repeated-bending type, capable of simultaneously 
subjecting up to six assemblies of 4-in. iron pipe size to 
reversed deflections of up to 1'/2-in. amplitude at any- 
where between 75 and 1000 cycles per minute speed. 


The tests are essentially cantilever tests, one end of the 
specimen being anchored to the machine frame by means 
of a heavy flange and the other being hinged in a horizon- 
tal slide or crosshead, so that only vertical forces are im- 
posed. Three alternate anchorages are provided, one 
coaxial with the hinge end for testing straight runs, and 
the other two off-center for testing elbow fittings in and 
transverse to the plane of the bend axis. Figures | and 2 
illustrate the mounting of welding elbows and miter 
bends for transverse tests. The assemblies photographed 
were under internal pressure supplied by a pump visible 
in the background in Fig. 1. Figure 2 gives a close-up 
view of the anchorage (note the flanges and provisions 
for keying them to the frame), and the hinge end (note 
the micrometer screw and slide block with setscrews for 
producing and maintaining the desired crank arm, and 
the crankpin projecting into the cross head which moves 
in a brass bushing). 


The framework is extremely sturdy and well braced, 
with the result that anchor rotations are of negligible 
order and interaction between adjacent specimens is 
practically nil, as has been proved by accurate deflection 
measurements; also by the constancy of the sinusoidal 
time-strain wave form and amplitude revealed by records 
made by an oscillograph connected to SR4 dynamic 
strain gages mounted on one of the specimens in one oi! 
the tests. 
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Fig. 5—Test Conditions A and B, Bending Out of Plane of Curvature 
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Fig. 6—Test Condition C, Bending in Plane of Curvature 


Test Procedure 


In the present investigation, two parallel series of tests 
of three specimens each, one using welding elbows and one 
with miter bends, were run at one time. To assure that 
the results obtained would be directly comparable, alter- 
nate specimens were mounted in each bank (a bank being 
defined as two machine positions driven from opposite 
ends of the same crankshaft). Shims were used to pro- 
duce accurate alignment (within + 0.005 in.) of the hinge 
end with the neutral position of the slide. After several 
preparatory flexings to “iron out’’ the bend, followed by 
a retightening of the anchor bolts, load-deflection tests 
were conducted to serve for correlating the applied end 
deflection with the force necessary to produce it. After 
this, the crank arm was set at a predetermined figure by 
means of the micrometer screw actuating the slide and 
this locked-in position with the setscrews provided. 
Substantially the same amount of displacement was 
applied to each bank or pair of specimens (one a welding 
elbow and one a miter bend). The three banks, how- 
ever, were set at different amplitudes and machine speeds, 
the positions with higher displacements being operated at 
the lower speeds to even out the power requirements and 
the time to failure. 

In order to provide a means for determining accurately 
when failure through the entire wall had occurred, all 
specimens were filled with water, the water being under 
pressure only in the tests specifically made to determine 
the effect of internal pressure, and open to the atmos- 
phere in the other tests. With this arrangement, cracks 
evidenced themselves promptly by beads of water squeez- 
ing out during each cycle. Their location and extent 
was immediately recorded and the revolution counter was 
read. However, in order to obtain information on the 
direction of crack propagation, the test usually was con- 
tinued for a number of cycles equal to 20% of that which 
had produced the initial failure. The cracked specimens 
were then removed, the zone of failure subjected to mag- 
naflux examination and photographed in the magnetized 
condition in order to portray clearly the outline of the 
crack, 


Evaluation of Results 


The forces obtained from the load-deflection tests in 
conjunction with the measured lever arms to the points of 
initial failure served to establish the flexural and torsional 
moments from which combined stresses were derived on 
the basis of the Hencky-Mises theory of elastic failure, 
using the section modulus of the measured fitting cross 
section. No stress-intensification factors were included, 
nor were the pressure stresses taken into account (for the 
tests with internal pressure) and the combined stresses 
found accordingly are to be considered as ‘‘nominal’”’ only. 
Designating them by the symbol S’,, they can be evalu- 
ated in terms of the bending stress in the plane of curva- 
ture S,:, the benditg stress transverse to this plane Sj, 
and the torsional stress .S,, as follows: 

For bending in the plane 


= Su 


For bending transverse to the plane 
= + 3S2 (2) 

By using these stresses as ordinates with the cycles-to- 
failure as abscissas, the points plotted in Figs. 4 to 7, in- 
clusive, were obtained. Figure 3 gives a key to the sym- 
bols used for the different test conditions, and also states 
how many specimens were tested under each condition. 

The first two charts refer to tests in which no internal 
pressure was applied, and each contains data secured on 
welding elbows and miter bends in both the as-welded 
condition and with special preparation. As a first obser- 
vation, grinding the welds smooth and fully stress-reliev- 
ing the assembly had relatively little effect on the endur- 
ance strength. Accordingly, it appeared proper to con- 
sider equally the points obtained from both conditions in 
drawing the median lines, of which one is given for each 
type of fitting on each of the two charts. 

The derivation of these median lines deserves brief men- 
tion. It will be noted that a dash-dot line labeled 
“straight pipe’’ appears on both illustrations. In the 
absence of direct data, this line has been taken over from 
the paper by Rossheim and the writer* where it is identi- 


3 


ING 


ITRE B 


-—4+ 8000 


108 104 


6000 


N=NUMBER OF CYCLES TO FAILURE 
Fig. 7—Test Condition C, Bending Out of Plane of Curvature 
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fied as curve F. Disregarding the extreme right end of 
this curve, at which the endurance limit is substantially 
reached, the experimental points can be very closely repre- 
sented by Equation 3, which gives the endurance strength 
S, in terms of the number N of cycles of complete re- 
versal producing failure. 


Sy = 245,000/+/N (3) 


k 


* The date secured in the Tube Turns laboratories o, 
*be expressed by parallel formulas, in which only 4), 
numerator is changed. For both the straight pipe an 
the elbow fittings, these formulas may be consilered 4», 
plicable at least between limits of 500 and 500,000 eye 
The numerators applicable to the four grou; 
plotted in Figs. 4 and 5, and the corresponding strec 
intensification factors (derived by division into the yajy 


Fig. 8—Representative Views of Failed Specimens 
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945,000 established for straight pipe) are listed in Table 
~ Figures 6 and 7 record information obtained in the 
rests where 2200 psi. internal pressure (corresponding to 
, circumferential stress of approximately 21,000 psi.) 
vas maintained in the assembly during cyclic bending 
‘ests. As has been stated already, the ordinates do not 
nclude the pressure stress. The straight lines shown on 
these charts present no attempt to average the test 
sults. They are the median lines given in Figs. 4 and 
;, and have been transferred purely for purposes of com- 
arison. It will be noted that the test points follow 
these lines in a general way, except that they trend down 
‘coward the right. This reflects the increased significance 
f the constant pressure stresses as the applied variable 
bending stresses are reduced. 


Table 2—Numerators for Tests Plotted in Figs. 4 and 5 and 
Corresponding Stress-Intensification Factors 


Stress- 
Intensi- 
fication 


Moment Plane in 
Relation to Plane 
of Curvature 

In plane 
Transverse to plane 
In plane 
Transverse to plane 


Numera- 
tor 
127,000 
165,000 
107,000 

98,000 


Type of Fitting 
Welding elbow 


Miter bend 


Character of Failures 


Figure 8 is a collection of representative views taken of 
failed specimens. These will be discussed group by 
group. For ease in reference, the test conditions are 
designated by letters, as follows: 


A. No internal pressure, tested as-welded. 

B. No internal pressure, welds ground and stress- 
relieved. 

C. With 2200 psi. pressure, tested as-welded. 


Welding Elbows in Bending in Plane of Curvature 


Figures 8 (a) and (b) show typical cracks obtained for 
conditions A and B, respectively; condition C gave 
closely similar results. Invariably, in every single speci- 
men, failure started at the direct center of the side wall 
and progressed longitudinally toward both ends of the 
fitting with perfect regularity. In some specimens, 
cracks appeared nearly simultaneously on both faces. 


Welding Elbows in Bending Transverse to Plane 


Figures 8 (c), (d), (e), (f) and (g) illustrate the various 
types of failure observed in this group of tests. The First 
two give one of the two types of failure for condition A; 
the initial crack again is longitudinal, but its location is 
shifted from the apex toward the inner arc by an angle 
of between 35 and 43'/2°. In addition to the longitud- 
inal crack, a transverse crack appears branching off from 


Fig. 9—-Macrographs of Failed Miter Joints 


the center of the longitudinal crack in Fig. 8 (c); from 
the end of the crack at the weld line in Fig. 8 (d); and in 
other specimens of this group (not shown) only a trans- 
verse crack at the weld line occurred. Figures S (e) and 
(f) give two of the locations of transverse cracks found 
for test condition B. The third specimen (not shown) 
cracked along the weld; all cracks were on the side of 
the fitting, usually transposed a slight amount toward the 
inner arc. The weld crack visible in Fig. & (g) is typical 
of all the specimens tested under condition C. 


Miter Bends in Bending in Plane of Curvature 


Figures 8 (A), (2) and (7) illustrate the type of failure 
obtained in conditions A, B and C, respectively. In all 
cases, a transverse crack along the weld line on the inner 
are of the fitting appeared. Figure 8 (7) merits special 
observation. The specimens with ground welds, of 
which this is typical, were run to complete failure and all 
show a definite jog in the crack line at the neutral axis 
and fine longitudinal cracks radiating to both sides. It 
is significant to note that these cracks are in the same 
location as in a welding elbow under bending in its 
plane. 


Miter Bends in Bending Transverse to Plane 


Figures 8 (k), (J) and (m) applicable to conditions A, 
B and C, respectively, all show one or two transverse 
cracks following the weld line, on the side of the fitting 
slightly shifted toward the inner arc. Close observation 
of the specimen shown in Fig. 8 (k) indicated an addi- 
tional (longitudinal) crack across the welds, which was 


Table 3—Comparison of Author's Stress Intensification Factors with Those Computed from Existing Formulas 


—Bending in the Plane of Curvature— 


Angle @ 
Stress- 
Intensi- 
fication 
Factor 
1.93 0 
1.91 33.9 
1.74 31.5 
2.59 0 
3.83 0 


Experimental stress-intensification factor 
lheoretical longitudinal intensification factor 


Theoretical transverse intensification factor 


Defining 
Location of 
Maximum 
Stress, ° F. 


—Bending Out of Plane of Curvature 
Angle @ 
Defining 
Location of 
Maximum 
Stress, ° F. 


Stress- 
Intensi- 
fication 

Author Factor 

Present tests 

Hovgaard 

Beskin 

Hovgaard 

Beskin 


Author 
Present tests 
Vigness 
Beskin 
Vigne Ss 
Beskin 
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Fig. 10—Orientation Sketch of 
Welding Elbow 


located approximately 37° from the apex toward the in- 
side arc. This crack duplicates the type of crack found 
in the welding elbow in transverse bending, further sub- 
stantiating the thought that a miter joint to some extent 
acts like a very sharply curved pipe. 


Comparison with Existing Theory 


Since no theoretical development is available giving 
the stresses in miter joints, comparisons with existing 
theory are of necessity limited to welding elbows In 
Table 3 the stress-intensification factors obtained from 
the present tests are compared with those computed from 
existing formulas for a 4-in. schedule 40 welding elbow 
of 6-in. bend radius. At the same time the orientation 


In so far as the magnitude of the stress-intensifie,y,, 
factor is concerned, none of the theories appears to of, 
a satisfactory prediction of ultimate failure. 7, ; 
sure, for bending in the plane, the longitudinal sty. 
intensification factors of 1.91 and 1.93 obtaineg 
spectively, from Hovgaard’s theory and the present tee, 
are in close agreement. However, as Hovgaard himse} 
pointed out and the tests show, the maximum stre« 
circumferential, so that this agreement is not Significas 
For bending out of the plane of curvature, both the |oy 
tudinal and the transverse stress-intensification fact;, 
predicted by Vigness are 60% greater than the {ao 
found by test, which again discounts the usefulnes 
the theoretical values. No wholly satisfactory explar 
tion can be offered why such wide discrepancies shoy 
exist pending further investigation.* 


Comparison of Welding Elbows with Miter Bend; 


From the study of the failed specimens present 
earlier, it is apparent that miter joints at best beh 
somewhat like bends of very sharp curvature, but thy 
usually the local stresses introduced by the sudden ¢ 
rectional change overshadow this effect and lead to eve 
earlier failure. 

From the charts, Figs. 4 to 7, inclusive, it can be ov 
cluded that, for an identical number of cycles-to-faily 
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ing 
a long-radius welding elbow can safely be stressea che feUS 
to 20% higher in bending in the plane, or 70% higher: fe" 


+‘). 


bending transverse to the plane, as compared with 


f th double-miter bend of the given proportions. The A 
of maximum stress 18 given Dy reference tO jarison is even more forcible when expressed in terms 
fail _. fatigue life under an identical bending moment. 1h 
def ering first the type of failure, longitudinal cracks welding elbow is found to sustain about 2.4 times sj" 
are definitely predicted by theory for bending in the many cycles of full stress reversal in bending in the plan JRF" 
plane of curvature, while either longitudinal or circum- ,,, 13.5 times as many cycles in bending transverse to th omnia 
of plane, as the miter bend. If it is considered, finally, tha 
bending moment will be lower for welding elbow 
A fail 1 tisf: than for miter bends, for the reason that the former ar 
y he more flexible, particularly in the plane of curvature, tk 
tory agreement of the experimental results with theory comparison is further altered in favor of the welding « pak 
hasbeen obtained, For bending in the plan of curva” Using the test as an example, 
factors become 4.5 and 15, respectively. 
tudinal crack at the side of the fitting (@ = 0), the pre- ie y thi 
dicted location of maximum transverse stress. For ino 
transverse bending, where longitudinal cracks were en- Failure Criteria astr 
countered, these occurred at locations defined by angles pm: 
between 35 and 43.5°, the former being close to the 
20 ng the failure of subjected to a cor 
32.5° predicted by Beskin, and the latter approaching varvine 
the toy tection stress, some form of dia is em sloyed 
mum transverse stress. Where circumferential cracks gr 
were encountered, these occurred at the side of the fit- * If a correlation is to be ventured, it might be stated that, in rough ters U: 
ting C7] = 0°) where both Beskin and Vigness lead one the stress-intensification factors obtained by test correspond to two-thirds « Bjqs 
the critical (transverse) stress-intensification facters predicted by Hovgast 
to expect the highest longitudinal stress. and Vigness, or one-half those predicted by Beskin. RCO 
W 
ip 
P 
iS 
1s 
10° ‘ =) 10* 


N= NUMBER OF CYCLES TO FAIL 
Fig. 11—Correlation of Test Results by Moore-Kommers Rule 
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Fig. 12—Correlation of Test Results by Code for Pressure Piping 


Sdvantage. Figure 11 presents a correlation of all the 
tests, in and transverse to the plane, with and without 
jnternal pressure, on the basis of a relation suggested by 
H. F. Moore and J. B. Kommers.’ This can be expressed 
mY 


Se = S, + 1/38, (4) 


where S, denotes the endurance strength for complete 
Seversal, variable stress component computed by 
Equation | or 2, except that the stress-intensification fac- 
tors obtained be the present tests are applied to the bend- 
ing stresses S, and Sy», and S, the constant longitudinal 
stress due to internal pressure. It will be noted that, 
fusing this form of correlation, all test points fall within 
+25°% of the median line applicable to straight pipe. 

As a final presentation, Fig. 12 has been prepared. 
This serves to interpret the results in the light of the 
rules set forth in the Code for Pressure Piping. For the 
spurpose of applying these rules, the tests can be consid- 
ered as duplicating an actual piping system under ther- 
gnal expansion wherein the total vertical expansion range 
between the two ends (one hinged and one fixed) equals 
twice the amplitude of the displacement applied by means 
sof the micrometer screw, half of which acts in either direc- 
sion as a result of cold spring having been applied. For 
ithis condition, paragraph 620(e) of the code permits 
ftaking a credit equal to one-third of the expansion range, 
yo that stress calculations are required to be based on no 
Fmore than two-thirds of the total expansion range or four 
thirds of the amplitude of the displacement. Using the 

notations defined earlier (with S, denoting the bending 

stress either in or transverse to the plane, as the case 
imay be), the combined stresses in accordance with the 
jHene ky- Mises theory can be calculated from the follow- 
fing expression * 


S = 4/5V/3S2 + (BS,)? + 1.6875S2 (5) 


| Using these values as ordinates with the cycles-to-failure 
pas abscissas, the plot shown in Fig. 12 is obtained. The 
pcorrelation again is within + 25% of the median line and 
jaccordingly is quite satisfactory considering that the 
specimens consisted of commercial pipe and fittings of 
iwidely varying physical properties. 
As a last step, these calculated ‘‘combined stresses’ 
will be compared with the stress limitations specified in 
paragraphs 620(g) and (h) of the Code for Pressure 
i iping. For oil piping within refinery limits, the maxi- 
/mum allowable stress range for carbon steel to A.S.T.M. 
[Specification A106, Grade B (which stress would be ap- 
| plicable for operating temperatures up to about 800° F.) 
is 24,000 psi. for only mild cyclic conditions and one-half 
that value for definitely cyclic or vibratory conditions. 


By inserting a torsional (shear) stress = ‘/sS¢, a longitudinal (bending 
pressure) stress fi; = */:;8Ss + Sc, and a circumferential (pressure) stress fe = 


Sein equation S = 1/3/22 + fi? + fet — fife. 
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These limiting stress ranges appear in Fig. 12 as horizon- 
tal lines; the upper one intersects the line defining the 
lower limit of the test data at an abscissa representing a 
life equal to about 100,000 cycles, while the lower line 
may be assumed to be near the endurance limit (nor- 
mally taken as the endurance strength obtained for at 
least 2,000,000, and preferably 10,000,000 cycles). Con- 
sidering the many imponderables in piping design (as- 
sumptions of end fixation, effect ‘of intérmediate sup- 
ports, weight and wind stresses, corrosive influences, * 
etc.) and the fact that damage already occurs below the 
endurance strength, a safety factor of about 2 would ap- 
pear indicated; even this probably is too low for defi- 
nitely corrosive conditions. On this basis, the ‘‘normal”’ 
allowable stress range specified in the code should ap- 
parently not be applied where more than 3000 cycles of 
major stress change are anticipated; perhaps a cycle per 
week, for a 20-year life, would offer a better limit 
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Discussion 


C. T. Grace.f Fatigue tests on straight pipe were 
used in plotting test data shown in Figs. 4 and 5 of the 
paper. The writer interprets the use of these data for 
straight pipe as a basis for comparison with results de- 
termined for the welding elbows and miter bends. 
Might it not be fairer to use test data for a section of pipe 
having the same dimensions as the welded elbow and 
miter bends but formed from one piece of pipe bent to the 
proper radius of curvature on a pipe-bending bench? 
It might be necessary to pack the pipe with some ma- 
terial to prevent flattening or creasing at the bend. 

Would not this give a better base for comparison and 
also would it not be of value to those concerned with pip- 
ing design for cases where it is not desirable to have any 
type of joint at the bend? 

H. F. Moore.{ Mr. Markl’s fatigue tests are a valu- 
able contribution to the study of fatigue strength of parts 
under finite numberof cycles of stress. This matter has 

* Reference 10 cites examples where the endurance strength of hot-rolled 
S.A.E. 3140 steel was reduced to one-half as a result of corrosion fatigue (in as 
apparently innocuous a medium as fresh water). 
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assumed increased importance in recent years since the 
effect of repeated stress in structural parts has been 
recognized in cases where only a relatively few cycles of 
high stress are applied to a structural part in its normal 
length of service. Examples of such parts are furnished 
by railroad rails, bridge members, riveted joints, boiler 
shells, some automobile and airplane parts and, of course, 
in. pipe bends and piping in general. 

While the writer feels that the assumption of the same 
slope of S-N diagram for straight pipe, for the welding 
bends and for the miter bends may not be quite exact, 
the test results seem to agree fairly well with this as- 
sumption. In the absence of more elaborate tests and 
stress analyses, they seem to furnish a valuable tentative 
guide for design. The value of the tests is decidedly in- 
creased by the fact that they were made on full-size el- 
bows and miter bends. 

The tendency of failures, especially in specimens bent 
in the plane of curvature, to develop longitudinal cracks 
suggesting a dominant circumferential stress is at first 
glance startling. However, when the tendency toward 
flattening out of a thin-walled pipe under bending is con- 
sidered, the shift from maximum longitudinal bending 
stress from the upper and lower fibers of the pipe to a 
circumferential stress at a location near the neutral axis 
for bending in the plane of curvature appears not im- 
probable. Possibly the horizontal shear in the vicinity 
of that neutral axis may increase slightly the effective 
circumferential stress. An experimental study of this 
circumferential stress by the use of electric strain gages or 
by measurements of change of form of the pipe cross sec- 
tion would seem to be worth while, as the author has 
doubtless noted. 

If an illustration could be shown of the fatigue-testing 
apparatus set up for tests of bending in the plane of cur- 
vature, it might be of considerable aid to students of this 
paper; at least it would be to one of them. 

T. E. PARpUE{ AND I. VicNess.* As the author has 

pointed out in his introduction, there is considerable need 
for data concerning the fatigue characteristics of com- 
mercial piping designed for operation at high tempera- 
tures and pressures, especially under conditions where 
loads are high enough to produce failure at a relatively 
small number of stress cycles. Piping designers need 
to know the fatigue characteristics of pipe bends, straight 
sections, welded fittings and other piping components 
under operating conditions. It is recognized that exact 
duplication of operating conditions is impractical in lab- 
‘oratory tests, and satisfactory methods must be devised 
to obtain suitable information that can be applied as de- 
sign criteria with sufficient accuracy to prevent failure of 
installations. The work described in this paper is an- 
other step forward in obtaining the experimental data 
needed for setting up design criteria which insure eco- 
nomic and safe operation. 

Tests on elements such as those described in the present 
paper are considerably different from the usual fatigue 
tests on standard specimens in that the stress gradients 
and stress distributions are, in general, more complicated. 
At the present time the effects of stress gradients and 
multiaxial stresses on the failure of systems subjected to 
cyclic loads and temperature changes are not sufficiently 
understood so that the failure of the system may be pre- 
dicted from standard fatigue tests on the piping materials. 
Until further basic information concerning these proper- 
ties of materials is obtained, the design criteria for piping 
components, such as welded elbows, subjected to stress 
and temperature variations, must be based upon empiri- 
‘al data such as is described in this paper. 

An understanding of the stresses and strains occurring 


*Sound Division, Naval Research Laboratory, Washington, D. C. 


in pipe bends, for any type of applied moment, js fairly 
well advanced. In the mathematical analysis, it js a 
erally assumed that the constraints at the ends of 4, 
bend are negligible, and that the stress values at any erp«, 
section of tubing are proportional only to the momey 
acting at that cross section and not a function of ¢), 
Jength of the bend. The results of this analysis ar. ;, 
good quantitative agreement with the experiment,| py 
sults for bends having a bend radius about ten or mo, 
times that of the tube radius. Recent tests at the N oll 
Research Laboratory have shown that bends of shy» 
bend radius, i.e., bends having a ratio of tube radius ty 
bend radius of about | to 2 or 1 to 3, are greatly affects, 
by the length of the bend and the rigidity of the end cop. 
straints. However, the agreement between the theop 
and experiment is fair when the mathematical assum; 
tions are reasonably well met by the experimentalist 

The point that is desired to be made is that the theorer. 
ical stress-intensification factors and the statically de. 
termined experimental stress-intensification factors ay, 
in reasonable agreement for a bend of the type under 
consideration. As part of a larger program, the Naya) 
Research Laboratory has determined these stress factors 
on a tube purchased from the Tube Turns Co. which has 
the same nominal dimensions as those of the bends used 
in this paper. Strains were measured with bonded-wir 
strain gages in the axial and circumferential directions, 
Stresses at the outside surface were determined by th 
usual stress-strain relations.‘ The longitudinal stress 
at the middle surface was determined by assuming the 
transverse stress to be zero at that location. Results 
of these measurements, given in Figs. 13 and 14 ofthis 
discussion, show the measured longitudinal stresses 
be somewhat higher than predicted by the theory, while 
the transverse stresses are somewhat less. 

The author has assumed, in his comparison of ‘‘stress- 
intensification factors,’’ as determined by fatigue meth 
ods and as calculated, that the failure by fatigue can lx 
predicted for any combination of stress and stress gradi 
ent. This is not generally possible.'* The author’ 
stress-intensification factors are simply ratios of nominal 
bending stresses corresponding to fatigue failure at a 
given number of cycles, and should not be compared di- 
rectly with stress factors calculated theoretically or de- 
termined experimentally from strain measurements 
The author’s work is valuable in that it shows how piping 
may fajl under conditions of fatigue, and it emphasizes 
our lack of understanding of the strengths of materials 
under complex conditions of cyclic stress. The experi 
mental data presented in the author’s Figs. 4 through 
7 should be of great value to piping designers, eve! 
though the precise relation between fatigue failure and 
stress-intensification factor cannot as yet be stated. 

D. C. Rotiins.* There is some question in the writ 
er’s mind regarding the reported similarity of results 
regardless of whether the welds were stress-relieved 
or allowed to remain in the as-welded state. It is am 
established fact that surface stresses in welds not stress 
relieved can equal, and in some cases exceed, the vield 
point of the material. The writer finds it difficult t 
reconcile this fact with the results of the paper which in- 
dicate that stress relief produces no significant change. 

Has the author speculated on the reasons for these dil- 
fering points of view? 


Author's Closure 


The author wishes to acknowledge his indebtedness 
all discussers for their valuable comments and is particu 


* Carbide and Carbon Chemicals Corp., South Charleston, W. Va. 
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Fig. 13—Measured Stress-Intensification Factors as Function of 
Position on Pipe Circumference for In-Plane Bending 


The same angle is used as that given by the author in Fig. 10. 
Curves A and B are factors measured on outside surface in longi- 
jinal and transverse directions, respectively. Curve C gives 


tud 


factors for middle surface of pipe wall. 


larly grateful to T. E. Pardue and I. Vigness for their 
interesting disclosures of results of their own research 
along parallel lines. An attempt will be made to answer 
all points raised as fully as limitations of space and the 
author’s knowledge permit. 

Prof. Grace’s suggestion (of comparing the welded 
elbow and miter assemblies with completely seamless as- 
semblies of identical proportions) might be realizable for 
the curved bent assemblies and would no doubt be inter- 
esting. However, it must be remembered that, in the 
present state of knowledge, piping is designed around the 
properties of straight pipe and hence that type of infor- 
mation is most usable which relates the behavior of other 
piping components to that of straight pipe. More- 
over, it is one of the findings of the tests that the presence 
of welds at the points of directional change does not alter 
appreciably the dominant stress concentrations intro- 
duced by the shape itself. 

Going on to Prof. Moore’s comments, constancy of the 
slope of the S-N diagram was not assumed a priori by the 
author, but was introduced only after careful study of 
the test results, with the purpose of enabling the endur- 
ance strength of the fitting to be expressed in terms of 
that of straight pipe by means of a simple factor. Ac- 
tually, all the test results were originally evaluated by 
the method of least squares, and the exponent x in an 
equation of the form 


S,N* = const. (6) 


by this procedure was found to vary between 0.142 and 
0.256 in the tests involving straight pipe, welding elbows 
or miter bends, and over a slightly wider range if all the 
cyclic test data (including runs on tees, various types of 
weld attached flanges, etc.), which have been completed 
to date are included. The value of 0.200, tentatively 
selected, represents a good average. 

The need for experimental confirmation of the magni- 
tude of the circumferential stress has been suggested by 
the same discusser. In the author’s opinion, this need 
has been satisfied to a large extent by published results 
ol strain-gage and displacement measurements, such as 
were obtained by Prof. Hovgaard,'* among others. The 
results recorded by Messrs. Pardue and Vigness in Figs. 
3 and 14 add further to our store of knowledge and are 
particularly pertinent since they deal with welding el- 
bows of the identical proportions of those covered in the 
Present paper. 

_ In this connection it should be recalled that all exist- 
ing theoretical analyses refer strictly to large-radius 
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Fig. 14—-Measured Stress-Intensification Factors as Function of 
Position on Pipe Circumference for Transverse Bending 


The same angle is used as that given by the author in Fig. 10. 
Curves A and B are factors measured on outside surface, in longi- 
tudinal and transverse directions, respectively. Curve C gives 
factors for middle surface of pipe wall. 


bends for which the neutral axis may be considered to 
coincide with the bend axis. In other words, the dif- 
ference in length of the fibers to the inside and the out- 
side of the bend axis is ignored. The author has com- 
pared the stress curves plotted in Figs. 13 and 14 with 
those predicted by Hovgaard’s theory and has noted a 
shift of the neutral axis of the elbow toward the inside 
arc of the order of 5to 15°. Atthe same time, the stresses 
toward the inside are were observed to be relatively 
higher than those in corresponding locations toward the 
outside arc, while Hovgaard’s theory would imply equal 
intensities. Furthermore, the peak transverse stresses 
for bending in the plane, which according to the simple 
theory are equal for the four cardinal points, are shown 
by Messrs. Pardue and Vigness to be a maximum at the 
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neutral axis, which agrees with the crack locations ob- 
served in the author’s tests. 

The same discussers have called attention to the effects 
of the end constraints. Their point is well taken. In an 
isolated test to explore the effect of the length of arc of 
the fitting, a 45° elbow was observed to outlive a 90° 
elbow subjected only to about three quarters the cyclic 
bending stress. Further proof of the effects of length of 
are and near-by restraints can be deduced from the data 
plotted in Fig. 15 of this closure. This shows changes in 
diameter observed in 4.500-in-O.D. by 0.095-in.-thick 
pipe during cyclic bending both “‘in’’ and “‘transverse to”’ 
the plane of curvature. It will be noted that flattening, 
of the order of 10% of the maximum observed, was evi- 
dent in the tangents, over 1'/2 diameter away from the 
welded joint and that the presence of a stiffer element 
(heavy hub of a flange) 1 diameter away acted as an ap- 
preciable restraint. Incidentally, bending moments 
acting on miter bends caused flattening to a similar ex- 
tent. 

In granting that more or less remote end constraints, 
are length (for welding elbows) and miter spacing (for 
segmental turns) all exert some influence on the endur- 
ance strength of an assembly,,.the author tacitly con- 
cedes that failure by fatigue cannot be accurately pre- 
dicted for any combination of stress and stress gradient. 
This predicament, however, is by no means an uncom- 
mon one. In fact, it is the rule father than the excep- 
tion. The point is that there are many engineering 
problems for the solution of which data are absolutely 
lacking or quite misleading, and that for these cases the 
use of factors such as have been obtained in the present 
tests constitutes a vast improvement. 

Actually, the consistency of the results obtained in the 
present investigation and their correlation with theory 
are quite satisfactory. To illustrate this point, the re- 
sults of the tests described in the paper and of additional 
tests on light-wall tubing, also of 4.500 in O.D., are cor- 
related with the transverse stress-intensification factors 
derived from Beskin’s paper‘ in the following: 


4.500-In. O.D. 


4.500-In. O.D. 
x 0.237-In. Wall 


x 0.095-In. Wall 


Tube Size, In In 
Moment Applied Plane Transverse Plane Transverse 
Factor from test 1.93 1.48 4.38 3.27 
Factor by calculation 3.83 3.30 7.4 6.1 
Ratio 0.49 0.45 0.59 0.54 


The author is aware that static strain-gage tests, with 
the assembly maintained substantially within the elastic 
limit, have reasonably well confirmed the stress-intensi- 
fication factors obtained by theory. The fact that,the 
ratios of nominal bending stresses, corresponding to 
fatigue failure at any given finite number of cycles, or 
what might be called the “‘stress-intensification factors 
under fatigue,’’ are lower than the “‘steady-state stress- 
intensification factors’’ is explainable on the assumption 
that, under cyclic loading, the peak stresses are relieved 


“gested Limits for, the Stress in Pipe Lines Due to the Combined Effects 0! 


by plastic flow. As to whether the ratios ar 
as low as shown, the author is not prepared to comp, 
himself, pending the results of tests on straight aid 
which it is contemplated to run to supplement those ,) 
tained from previous work.® 

It might be of interest at this point to complete the iy 
formation on the light-wall tests by showing the fact, 
obtained with segmental turns in the tests;  pargljy 
values obtained with welding elbows are repeated for oy 
venience of comparison: 


actual) 


4.500-In. O.D. 
x 0.237-In. Wall 


4.500-In. O.D 
x 0.095-In. Wall 


Tube Size, In Trans- In Trans 
Moment Applied Plane verse Plane verse 
Miter bends....... 2.30 2.50 6.8 7.0 
Welding elbows. ... 1.93 1.48 4.38 3.37 
1.19 1.69 1.55 214 


This table shows that the difference between the ty 
types of construction becomes even more apparent as th 
pipe-wall thickness decreases relative to the diameter. 

The author shares Mr. Rollins’ desire for a satisfactor 
explanation of the fact, which has been reported by se 
eral investigators, that residual stresses and treatments 
designed for their relief have little effect on the enduran 
strength. In the present tests, the stress-relieved speci 
mens, if anything, showed lower strength, and this ma 
be accounted for by the reduction in physical prop:rtie 
associated with thermal stress relief. To explain wh 
unstress-relieved specimens should perform as well as 
stress-relieved, one may reason that cyclic stressing in i! 
self operates as a mechanical stress relief which would be. 
come effective as protection for the assembly after th 
danger point of the first few overstressings had been pas 
sed without cracks having been generated. Thereafter 
the two alternate specimens may be assumed to be oper- 
ating under similar stress conditions. 
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‘ FResearch on Arc-Welded Butt Joints of 


Mild Steel 


neter, 
isfacton 
By Dr. Georges Welter! 
duran 
ce Investigation on: Ductility, Impact Tensile of the shielded arc-welding method, most of the serious 
roperties Resistance, Effect of Notching, Cyclic Loads, troubles and defects of welds which existed in the begin- 
ain wh Axial and Eccentric Loads, Carried Out in ning of this joining process have been successfully over- 

well oi Room and Sub-Zero Temperatures. come. We now have a reliable joining method for arc- 
ing init welding ferrous metals and alloys, so that the breaks 
wuld te Table of Contents always occur outside of the weld itself. It is really sur- 
fter th prising that we are able to produce with shielded elec- 
een pas Page trodes quite perfect welds with appeciably higher qual- 
ereafter iii 391-5 ities than those of the parent metal itself. Phis is an 
be oper. 1l—Survey of Literature of Recent Vears.. 322-5 ®Mazing progress and from the metallurgical point of 

I1l—Research Program... 999., View it seems to be rather difficult to explain how the 
IV Theoretical Considerations ‘of Arc-Weld- metal of the weld which is in an ordinary cast condition 
294-5 without any additional special treatment, shows up higher 
V—Development of New Investigation mechanical properties than the parent metal itself pro- 
Methods for Welds... 399., duced under a series of separate well-controlled metal- 

r Roh VI—Preparation of the W elded | Specimens lurgical processes designed to obtain highest possible 
. Phys..7. i for This Investigation........ 334-5 qualities. We do not know any cast metal or alloy 

oar stter mechanical properties than those of the wrough 

tnd Inv resti- metals in a rolled, forged or pressed condition. 

5 loom oo Pre Welded Joints........ 367-s It seems as if in this respect the foundry man has to learn 

wf the 969.4 some fundamentals from a welding process involving the 

_ whole process metallurgy in a fraction of time, producing, 
gated a nevertheless, joints of such extraordinary quality. 

i ae Introduction In recent years the use of welded joints in vital, high- 
aoe stressed parts of structures, such as buildings, bridges, 
ae N THE production of a simple arc weld, small as it ships, aircraft, automobiles, etc., has become the prac- 

may be, we know that the whole process of metal- tice. During this rapidly growing period of the appli- 
aaete lurgy is involved with all its numerous faults, suchas cation of welded structures some losses, due to a small 
rand ( porosity, slag inclusions, cracks, dissolved gases, imper- number of sudden failures in the welded structures of 
aah lect structure, segregation, transcrystallization, etc., and ships, have occurred. It is felt that this wide use of 
es or ju B22 extremely difficult metallurgical problem has to be welding, together with new mass production methods and 
1930 faced to obtain sound and tough welds. It is interesting inexperienced personnel in ship building, may have been 


to observe how during the last decades, new welding 
methods have been developed stepwise from a rather un- 
satisfactory beginning to the very high degree of per- 
lection it has attained today. We easily remember that 
the weld at the beginning of this century was always the 
weakest part of a joint and only structures of minor im- 
portance, carrying small loads, were welded. However, 
due to the rather revolutionary and marvelous invention 


* Data and illustrations from a study submitted to The James F. Lincoln 
Arc Welding Foundation in its recent $200,000 Design-For-Progress Award 
Program for reports and advances and improvements made by the applications 
f are welding in design, fabrication, construction and maintenance. 

| Professor of Applied Mechanics, Ecole Polytechnique, Montreal, Canada. 


responsible for these troubles. Greatly stimulated by 
these failures an intensified fundamental research pro- 
gram.in this field has been undertaken. In order to 
solve these involved and complex problems, fundamen- 
tals of ductility, elasticity, plasticity, theory of strength 
of materials, X-ray analysis, study of bi- and triaxial 
stresses, single crystals, photoelastic measurements, im- 
pact loading, fatigue, notch sensitivity, unsymmetrical 
loads, low temperatures, etc., have to be taken into con- 
sideration. 

The failure of welded structures, such as ships, bridges, 
airplane fuselage, pressure vessels, as shown in Fig. 1, 
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seems to be an indication that the usual standard speci- 
fications are insufficient for acceptance of materials for 
these structures*. A review of the engineering progress 
and investigation of the failures in welded structures 
shows clearly that several factors are of fundamental im- 
portance in the behavior of these welded materials. The 
first and most important problem in this connection is 
that of ductility of the material, as we know that all 
fractures take place when in a brittle state. It is a very 
well-known fact that steel which is recognized as ductile 
may break under special brittle conditions with only a 
small absorption of energy and accompanied by very 
little plastic deformation. It is also universally recog- 
nized that the shape of the structural element is of basic 
influence on local stress concentration. This means that 
bi- and triaxial stresses due to notch sensitivity of the 
steel, or sharp changes in various sections, are detrimen- 
tal to the safety of welded structures. The ductility of 
the welded material under multiaxial stresses also seems 
to play an important role. Another factor which these 
failures have in common is that they occur in winter time 
under low temperatures. Furthermore, a fourth factor 
which may lead to failure of metals in a brittle state is the 
kind of load application (single or cyclic loads) as well as 
the rate of loading. 


II—-Survey of Literature of Recent Years 


Besides the general recognition of the effect of these 
factors on the ductility of metals, we find in the world 
* D. F. Windenburg, Product Engineering, September 1946, Page 8. M. 
Rod, “Problems of Welding Structural Steels,’” Report, No. 132, Febuary 


1041; Federal Laboratories of Strength of Materials, Ecole Polytechnique, 
urica. 


Fig. 1—Failure of Welded Structures 
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literature of the last two years clear evidence of their ver 
close connection with the behavior of welded structure 
during failure. So, for instance, the British Admiralt 
Ship Welding Committee (Engineering, London, May 3! 
1946) that investigated special problems arising from the 
employment of welded ship structures and advised 1 
method for their solution, reports on these important 
questions. Among others, the features that emerged 
can be summarized as follows: 


-1. Anything in the nature of a notch or sharp chang 
in section,** whether designed or of accidental origin 
should be studiously avoided in welded ships. 

2. There are indications of a tendency for fractures t 
occur more frequently at low temperatures, both external 
and internal, the latter arising in some refrigerated ships 

3. Most of the fractures were sharp and accompanied 
by very little deformation or reduction in thickness at the 
fractured edges. 


4. Most of the serious fractures in welded ships have § y 
been of the brittle type and the steels involved have sus § F 
tained brittle fractures in notched tensile tests at temper & e 
atures well within the normal service range. It is sig & a 
nificant that the usual tensile and bending tests to which & ¢ 


shipbuilding steel is subjected for acceptance purposes ( 
not disclose whether the steel is or is not notch brittle at 
service temperatures. The importance of notch brittle 
ness as a factor in the ship failures had by this time als 
been appreciated in the United States and a good deal 0! 
research has been done on this subject in that country. 

This committee also devoted some study and research 
to the evaluation of a difference in structural behavior ©! 
riveted and welded ships. Also the rivalry of welded 


** Italics are the author’s. 
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bridges id riveted bridges should be taken into consider- 
ation in this connection. 

* Otto Graf, chairman of a committee of investigation 
on fundamental research into the failure of certain welded 
¢ructures (bridges), made a very significant remark 
about the research arising out of these investigations. 
He stated that: “‘...all the failures including those in 
Belgium and Switzerland occurred in winter and seem 
closely related to the sensitivity of the steel to the Izod 
impact notch test at low temperatures. (The Structural 
Engineer, London, June 1946, page 328.) 

Similar ideas have been reported upon in 1946 by D. F. 
Windenburg, Chief Physicist, David Taylor Model Basin 
Products Engineering, September 1946, page 81). He 
states, Among other things, that: ‘‘With reference to the 
war-time-built welded merchant ships that broke in two, 
some in dock and some at sea, it was found that all the 
materials of which they were built met standard speci- 
fications. All the failures seemed to have had two ele- 
ments in common: the failures occurred at reduced tem- 
vratures and the metal fractured without appreciable 
elongation. This made it appear that the fractured 
i materials were not sufficiently ductile and did not meet the 
ispectfications for ductility. However, tensile-test cou- 
pons cut from the fractured plates and tested according 
ito A.S.T.M. specifications showed the required ductility. 
} Obviously the evident lack of ductility was the root of the 
fiailures. If the impact tests are to be conducted at only 
Fone temperature the only safe temperature to be used is 
Sone below the lowest working temperature of the struc- 
Sture. It is therefore recommended that the acceptance 
specifications for materials to be used under tensile load- 
Sing, especially at low temperatures, require impact or 
) other suitable tests to insure adequate ductility at the 
structure's working temperature.” 


i In a more recent statement, C. A. Adams, Chairman 
‘of the Engineering Foundation, Welding Research 
+ Council, reported on these important questions as fol- 
lows: 


1. The Council will pay particular attention in the 
coming year to the study of why steels behave differently 
at low temperatures, and if welding seriously affects their 
behavior at these temperatures. 

, 2. Attention will be turned to discover the reasons for 
| ow values in fatigue under certain conditions and the 
possibility of bringing about improvement. 

3. Problems arise through the rigidity and mono- 
lithic character of a welded structure which were either not 
recognized, or were relatively unimportant in riveted 
| structures. The Council proposes on a nation-wide 
| Scale comprehensive and fundamental investigations 
/ which can be broadly classified under the title of “‘Me- 
'chanics of Welded Structures.” 


Also in a report of the Chairman of the Board to In- 
vestigate the Design and Methods of Construction of 
Welded Steel Merchant Vessels, Rear Admiral Harvey 
F. Johnson, U.S.C.G., revealed the following very inter- 
esting facts about the outstanding findings of the Board 
during an investiagtion of the circumstances surrounding 
certain structural failures, presented at the Twenty- 
Seventh Annual Meeting, A.W.S., Atlantic City, Nov. 
\7, 1946, and published in THe Wetpinc JourRNAL, 
January 1947, p. 36: 


|. Early in the war welded merchant vessels experi- 
enced structural difficulties in the form of fractures which 
could not be explained. These fractures, in many cases, 
manifested themselves with explosive suddenness and 
exhibited a quality of brittleness which was not ordinarily 
associated with the behavior of a normally ductile ma- 


| terial such as ship steel. 
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2. Consequently when fractures in all-welded steel 
merchant vessels first began to manifest themselves (as 
im the Schenectady and Esso Manhattan) conditions 
were found which did not conform to previous experience. 

3. Rather, the Board concluded that the fractures in 
welded ships were caused by notches built into the vessels 
either through design or as the result of workmanship 
practices and by steel which was notch sensitive at oper- 
ating temperatures. 

4. In the investigation of detail design it became ap- 
parent that the monolithic character of the welded ship re- 
sulting from the method of fabrication can produce joints, 
particularly at structural discontinuities, that have high 
stress concentrations and severe restraint, thereby tending 
to inhibit plastic flow. 

5. Every fracture examined started in a geometric 
discontinuity or notch resulting from unsuitable design 
or poor workmanship. 

6. The investigation pertaining to structural details 
has strongly emphasized that too much attention cannot 
be paid to the elimination of discontinuities or notches, 
whether they be small or large, and that the effect of dis- 
continuities is aggravated by welding. 

7. Other studies indicated that steel as furnished to 
shipyards complied in every respect with present physi- 
cal requirements. In spite of this, impact tests of steel 
samples taken from vessels which has suffered fractures 
indicated that in many cases the steel was notch sensitive. 
In addition, it was found that some steels furnished to 
shipyards were also notch sensitive. There is a necessity 
for the establishment of a new specification to include a 
practical test for the evaluation of the notch sensitivity 
of commercial steels. 

8. The risks involved were accepted as far as heavy 
seas were concerned, but at the start the adverse effects 
of low temperature were not fully appreciated. 

9. However it is important that we maintain our 
present position in maritime affairs and protect our stand- 
ing in world wide competition by continuing fundamental 
research work on design and methods of construction of 
steel ships. 

10. The mechanism of fracture is still not clearly un- 
derstood but the investigation has yielded much new 
information and has contributed to the solution of the 
problem of why welded ships have failed. 


These authoritative statements published the last 
two years underline clearly the most important factors 
involved in the mechanism of failure of welded struc- 
tures. In short, the governing factors may be summed 
up as follows: low ductility, low temperatures, impact 
loads, stress concentration, notch sensitivity, cyclic 
loads and rigidity. It is evident that in any funda- 
mental investigation intended to throw some light on 
the problems dealing with the failures of arc-welded 
structures, all these factors have to be taken into con- 
sideration. 


IIl—-Research Program 


Based on the above statements a comprehensive re- 
search program was projected by taking into consider- 
ation most of the important factors having an influence 
on brittle fracture of steel in order to make some contri- 
bution to this urgent problem. Besides the consider- 
ations mentioned in the technical literature, an additional 
point of view concerning the kind of loading of the speci- 
mens was included in this program. With regard to the 
direction of the applied loads which in actual structures 
may act under any angle with the loaded section, a new 
method of testing, using multiaxial stresses produced by 
eccentric loads, was tried out. The main points of re- 
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search for studying welded steel structures have been 
chosen as follows: 


(a) General considerations regarding ‘‘ductility’’; 
new methods of approach and its importance for the ex- 
planation of brittle fractures. 

(6) Behavior of two different kinds of welds using two 
different types of electrodes; comparison throughout 
this investigation of the results with ductile (H. D.) and 
less ductile (L. D.) welds. 

(c) Complete nondestructive X-ray investigation of 
all-welded specimens with radiographs to secure sound 
specimens for the tests. 

(d) Tests of welds of different ductility under static 
loads with records of load-deformation diagrams. 

(e) The effect of notching on static tensile tests; in- 
vestigation of rectangular welded specimens in compari- 
son with two kinds of notches in the outside fibers or in 
the central part of the ductile and less ductile welded 
specimens; study of stress concentration in regions of 
high stresses, wherefrom cracks generally take their 
origin. 

(f) Effect of notching on a new type of impact ductility 
tests in the pendulum hammer; sgomparison of dynamic 
with static tensile test results. 

(g) Elaboration of a new method for applying eccentric 
loads in static and dynamic tensile tests, carried out with 
notched and unnotched specimens. 

(h) Influence of sub-zero temperatures on unnotched, 
notched, axially and eccentrically loaded specimens 
under impact loads with regard to the notch brittleness 
as a factor in weld failures. 

(1) Fatigue tests carried out under repeated alternating 
tension and compression loads on a special pulsator 
(plus or minus 3000 Ib., 1750 cycles per minute) with un- 
notched, notched, axially and eccentrically loaded speci- 
mens; comparison of these results in room and sub-zero 
temperatures. 

(7) Tentative tests to find out a reliable, simple, repro- 
ducible and inexpensive impact method to insure ade- 
quate ductility to meet acceptance specifications for 
materials used especially at low temperatures. 

(k) Photoelastic analysis of axial and eccentric loaded 
Bakelite specimens to study stress concentration due to 
the effect of notching. 

(l) Investigation of macro- and microstructures of 
welded specimens before and after plastic deformation. 

(m) Investigation of the influence in the structural be- 
havior of welded and riveted models of trusses under 
static in comparison to cyclic fatigue loads. These 


tests have been carried out also under sub-zero temper- 
atures. 


IV—Theoretical Considerations of Arc-Welding 
Problems 


As mentioned in the above research program, the main 
experimental work for the analysis of steel welds was di- 
rected toward the fundamental and vital problems such 
as: ductility as a basic property of welds; transition 
range of steel in sub-zero temperatures; stress concen- 
tration increasing the intensity of stresses, especially in 
zones of high loads; effect of sharp notches and eccentric 
loads; rate of static compared to dynamic loading; re- 
peated alternating tension and compression stresses on 
axially and eccentrically loaded notched specimens. 


A. Ductility 
Of these problems, the most important, in regard to 
welded structures, doubtless is the one dealing with duc- 


tility. In fact, if we ask what the physical property 
designated by ‘‘ductility’’ means, a clear-cut scientific 
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answer cannot yet be given. We may say that the dy. 
tility of metals and alloys used in modern con:; 
has not yet been sufficiently investigated to perm; 
dicting their behavior under service conditicis. 
knowledge of the ductility of metallic material is derive, 
from the results of tensile tests, determining the percey. 
tage of elongation and reduction of area of the test spec) 
men, or, in a qualitative sense, from the results of oj, 
bending and cupping tests. It is evident that a we 
with favorable strength properties, showing si:ultan 
ously a high degree of ductility, is desirable for must eng; 
neering purposes. However, the desirable tminimyy 
value for the ductility of structural materials, even as , 
function of elongation or reduction of area, is not ye 
known. What we know is that high ductility preven 
stress concentration and, consequently, local and cventy 
ally total cracking of the weld; high ductility levels of 
internal stresses which are thus made harmless; and ;; 
reduces notch sensitivity under static and dynamic load 
ing. We also know that fatigue durability and shock 
sistance are increased by materials with high ductilit, 
characteristics. Ductility serves to overcome over 
stresses, eccentric loading, external and internal defect; 
or anisotropy of any kind of the weld. In terms of ser 
ice conditions this means that ductility is necessary 1 
deal with the different shapes assumed by structural 
elements, such as abrupt changes in sections, notches 
fillets, key ways, grooves, holes and surface finish, repr: 
senting spots of predilection for dangerous, incalculabk 
combined stresses. A very high ductility of the materia) 
is necessary to prevent local failure in these spots. Non 
symmetrical or eccentric loading and insufficient align 
ment of the elements are, in general, the external sources 
of uncontrollable, localized working stresses. Without 
any doubt, ductility is the most effective insurance 
against high stress concentration factors. In a recently 
published paper interesting diagrams showing the basi 
difference between ductile and brittle materials are r 
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Fig. 3—Stress-Strain Records of Brittle Notched Specimens 
Loaded Axially and Under Increasing Eccentricities 


vealed (G. Welter, ‘‘Ductility of Metals and Alloys Used 
in Construction,’ Metallurgia, The British Journal of 
Metals, September, October, November, 1946. Grant, 
National Research Council, Ottawa). By a new testing 
method, using the energy absorbed by notched cylin- 
drical specimens during axial and stepwise growing 
eccentric tension tests, ductile and brittle material can 
be distinguished by other means than using the classical 
properties of elongation or reduction of area. In 
Figs. 2 and 3 are reproduced some of these character- 
istic diagrams illustrating for instance, the fundamental 
difference between annealed Armco iron and hard steel, 
or between pure aluminum and aluminum alloys of 
higher resistance, as for instance 17ST alloy tested under 
axial and eccentric loads of !/s, 1/, and '/: in. eccentricity. 
Also, cast aluminum alloy as well as gray cast iron, which 
are of the brittle type as compared to wrought alloys, are 
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distinctly influenced by static eccentric loads applied to 
cylindrical, sharp-notched specimens. The most com- 
plex system of stresses which occur at the bottom of the 
notch permits a better evaluation of the relative ductility 
of different metals and alloys than can be found by 
merely considering the total elongation of the specimens 
after tensile fracture. A clear-cut classification of metals 
and alloys according to this test procedure seems to be 
possible according to this investigation. Similar tests 
have been carried out with heat treated alloy steels as 
published by G. Sachs & J. D. Lubahn, A. S. M. 1944, 
1945. 

With these new test results in mind, the program for 
investigation of arc-welded specimens was laid down. 


B. Effect of Bauschinger 


Furthermore, with regard to the problem of ductility 
involved in these special new kinds of testing methods, 
which will be described in more detail later, it cannot be 
overlooked that the Bauschinger effect plays an impor- 
tant role in the mechanical testing of welded steel. In 
fact the laws of Bauschinger are not sufficiently appreci- 
ated and mostly left out of consideration for the evalu- 
ation of strength properties of welded steels. As early 
as 1886 Bauschinger disclosed the curious fact that ten- 
sile or compression overstrain of mild steel, which raises 
the elastic limit and the yield point, lowers these 
mechanical properties by an overstrain in the opposite di- 
rection. Bauschinger states the results of his investiga- 
tion on the plastic properties of steel in tension as follows: 

“As the result of stressing in tension or compression 
beyond the elastic limit, the elastic limit in compression 
or tension, respectively, is considerably lowered, so much 
the more, if the cold-working stresses exceed the respec- 
tive elastic limits by larger amounts and even compara- 
tively small increments of stress beyond the elastic limits, 
reduce the elastic limit in opposite direction to zero. 
When an elastic limit, thus lowered in one direction, is 
raised again by stressing in that same direction, and then 
exceeded, then, at once, the elastic limit in the opposite 
direction is again reduced to zero, or nearly to zero.” 
(Mitt. aus dem Mech. Tech. Laboratorium der K. Tech- 
nischen Hochschule Munchen, 1886, page 19.) 

This statement is especially important from the point 
of view of cyclic loading of welds as this may take place 
for instance in welded ships. Loads of tension alter- 
nating with compression may occur in the welds and play 
a special important role in zones of high stress concen- 
tration. In a sharp notch, for instance, loaded eccen- 
trically, as illustrated by scheme a in both plus and minus 
direction, the yield strength of the weld metal or of the 
adjacent parent metal can be reached. This may occur, 
for instance, during a rough sea and it will be maintained 
according to the effect of Bauschinger at a very low level 
which in the opposite direction can be reduced prac- 
tically to zero. Once the initial elastic limit or the yield 
strength, which is practically the same for mild steel, 
has been surpassed by a single overload, plastic flow in 
the locally cold stretched or cold compressed material 
takes place under substantially smaller loads applied in 
the opposite direction. These overloads are often 
covered by the factor of safety of the construction. 
During these small alternating tension and compression 
loads, energy is absorbed by the cyclically loaded 
material, as illustrated in scheme ). This cyclic loading 
in tension and compression takes place in ships during 
heavy weather and may initiate a crack in or near the 
weld which later on presents only small resistance against 
its spreading across the whole section. Avoiding of 
sharp notches either internal or external, furthermore the 
highest possible degree of ductility and a perfect stream- 
lined flow of the stresses from one element to another, 
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seem to be the main factors that may improve the re- 
sistance of welded steels under cyclic loads. 


C. Notching Effect, Stress Concentration in Tension or 
Compression 


The stresses in a centrally loaded bar are uniformly dis- 
tributed’ over the whole cross section if this bar has a 
prismatical form. However, abrupt changes in the cross 
section of the bar change completely the uniformity of 
the stresses, and great irregularities in the stress distri- 
bution may take place (G. Welter, ‘“‘Notching; Its 
Effect on Coarse and Fine Cristalline Materials at Low 
and Elevated Temperatures,’ Metallurgia, The British 
Journal of Metals, April 1940; ‘‘The Effect of Notching 
on Materials of Construction Under Static and Dynamic 
Tension,’ Metallurgia, ‘The British Journal of Metals, 
September, October, November, 1947. Grant, Na- 
tional Research Council, Ottawa). The stresses in most 
points rise fairly high and in notch-sensitive material 
cracks may be initiated which are increased rapidly. 
If, for instance, a small circular hole is made in a plate 
which has to transmit uniform tensile stresses, then we 
know that a high concentration of stresses occurs which 
may raise these stresses to three times their original 
value. Under certain circumstances this factor of stress 
concentration may even be appreciably higher, if the 
ratio between the minimum radius, 7, of the notch (see 
scheme c) or the hole and the width, d, of the minimum 
section of the plate r/d is very small and amounts to less 
than 0.1. Furthermore, if the notch is fairly deep, 
having a high factor of h/r, the stress concentration 
factor becomes still higher for the same ratio of r/d, so 
that this factor k may attain exceptionally high values 


4 


(R. E. Peterson and A. M. Vahl, Journal 0; 
Mechanics, Volume 3, 1936, page 15). Neub:: 
about this point as follows: ‘‘The plane notch hows 
somewhat higher stress concentration value ¢)) \y the 
corresponding turned notch; the difference bei: quite 
pronounced in tension.” 

Based on these facts, the stress pattern of th: 
specimens for this investigation was chosen to 
account for the highest possible stress concentration jy 
one point. A very small radius r of the hole (aboy; 
‘/32 in., a very large effective width d of the specimen 
("/2 in., or */g in.), and an appreciable depth /) of the 
notch giving a ratio of r/d = 0.083 and h/r = 12 wer 
used, having a theoretical stress concentration factor } oj 
at least 3.5 to 4 (see scheme d). Other specimens with 
less rigorous stress pattern, having stress concentration 
factors placed between the rectangular specimen (/ = | 
and the highest possible stress concentration (K = 3.5 
4), were also investigated (r = */j in.). 
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D. Yielding Phenomenon 


On the other hand, however, another very important 
phenomenon compensates for this theoretically extremel 
high stress concentration at the bottom of sharp notches, 
By virtue of this most remarkable property of very duc. 
tile material, as for instance mild steel, these high stress 
concentrations are levelled off by local flow of the material 
so that these stresses cannot surpass a certain maximum 
value. This characteristic property of metals, which js 
very pronounced in mild steel, shows the exceptional 
valuable phenomenon of yielding under a constant load 
at about half way of the ultimate load (G. Welter, ‘Th: 
Yielding Phenomenon of Metals,’ Metallurgia, The 
British Journal of Metals, January, February, March, 
April, May, June, 1945. Scholarship, Carnegie Cor 
poration, New York). It is a kind of factor of safety 
where a high local ductility is needed under exceptional 
circumstances of stress concentration. We may say 
that this yielding phenomenon of mild structural steel 
and its significance as compared to other metals and 
materials is not yet sufficiently investigated. Due to 
remarkable properties of elasticity combined with high 
ductility present in this material in the purest form, mild 
steel can be said to be a most extraordinary material for 
structural purposes. Glass, for instance, or even cast 
alloys have a very good elasticity but are practically 
without ductility, so that they break in a brittle manner 
at small stress concentrations. As may be illustrated by 
the scheme e, the total elongation up to the elastic limit 
of mild steel AD is fairly small compared to the total 
elongation DE during which the unique phenomenon of 
yielding takes place. This yielding period expressed in 
the total value of the elastic deformation at the elastic 
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jimit /', represented by the distance A-D, is about 100 to 
190 times as large in soft mild steel; this means that an 
apprec table deformation of this material occurs under a 
constatit load before, at point C, the load again increases 
and still higher elongation takes place. This most extra- 
ordinary automatic adjusting period of the material to 
the stress conditions in welded structures is doubtless a 
property without which welded structures, as bridges, 
ships, skyscrapers, etc., would have been impossible to 
build. It can be said without exaggeration that the duc- 
tility of mild steel mainly represented by the plastic flow 
during yielding is as important a factor as the resistance 
of the material itself: We know that there are mild steels 
having the same chemical composition, the same me- 
chanical treatment and tested according to A.S.T.M. 
specifications, which show the same requirements and 
vet these steels behave in the welded structure in a quite 
different manner. The minimum total breaking elonga- 
tion may, in both cases, be satisfactory, but what we do 
not know is the extent of the elongation which these 
standard steels exhibit during their yielding period. In 
fact, from the various stress-strain diagrams known of 
this kind of steel (see scheme f), it can be seen that the 
records during the yielding period are always very irregu- 
lar and hardly any two steels of like composition can be 
found which show the same picture of the yielding 
phenomenon, either with regard to the upper and lower 
loads or in the total length DE of this part of the diagram 
compared to the total elongation after rupture of the 
specimens. If any ductility in the form of plastic strain 
is required in a welded structure for instance, this typical 
yielding property will go into action at once. Yet we 
know so little about this phenomenon. Daily there are 
recorded thousands of diagrams of this type. We do 


not appreciate the real value of these diagrams in the 
region of this most important field of the yielding 
phenomenon which differs appreciably from one steel to 


another. Some investigations into this field carried out 
with a greater number of soft mild steels coming from 
various sources could easily be made, and could give most 
interesting results closely related with arc-welded steel 
structures. 


E. . Eccentric Loads 


With regard to the fact that the stress concentration 
factor is of basic importance in the investigation of steel 
welds, especially if they have a tendency to brittle frac- 
ture, this factor was checked for all stress patterns by 
photoelastic analysis as mentioned in Part VII, D. It 
was especially desirable to do this, as, in addition to the 
stresses varying over the cross section from a uniform dis- 
tribution to extremely high concentration in a notched 
joint under axial loads, these local stresses can be still 
increased appreciably by applying the loads eccentrically. 
By this loading method a still more complex system of 
stresses is attained and the combined effect of the axial 
force and the additional couple with a bending moment 
of Pe produce a maximum tensile unit stress of : 


The eccentricity e (see scheme g) raises the stress in the 
outside fiber of the specimen appreciably, concentrating 
further the highest stresses at the bottom of the notch. 
In the above equation the stresses in the cross section a 
of the specimen are distributed as indicated in scheme g 
and P/a may be expressed by (s; + s2)/2, so that Equa- 
tion 1 becomes: 


Si + S: 


Peh/, Sit+ , Pe 


bh? 


* Seely, F. B., Resistance of Materials, New York, p. 195. 


+ 


6e Si + Se 

In this equation which is valid only under stresses which 
do not surpass the elastic limit of the material, we see that 
the eccentricity e and the width h of the specimen are the 
governing factors, of which e is the mostimportant. By 
an eccentricity of e the maximum stresses are appreciably 
intensified and are in an inverse ratio to the width h of the 
specimen (see scheme f/). So, for instance, with an 
eccentricity of '/, in., which was used during this in- 
vestigation with specimens of '/: in. width, the stresses in 
the outside fiber are 4 times greater up to the elastic 
limit. For higher loads, due to the yielding of the welded 
steel specimen these stresses do not increase further. 
They remain constant at a certain high value until the 
yielding of the material is exhausted (see scheme 7); 
then the stresses are again increasing beyond this already 
high level up to the ultimate load of the material. It 
must also be kept in mind that from the beginning of the 
yielding period an automatic partial reduction of the 
eccentricity e takes place by plastic flow of the specimens. 
We learn, furthermore, from these theoretical considera- 
tions that the applied new method of eccentric loading of 
arc-welded notched steel specimens on which an impor- 
tant part of this investigation is based, is a very sensitive 
one and can be reasonably expected to yield interesting 
information on the behavior of welds under static and 
dynamic loads as they may take place in arc-welded ship 
constructions. It can also be seen that an absolutely 
axial loading of testing specimens during routine testing 
is of paramount importance, especially if brittle or poorly 
ductile materials are to be investigated in tension. So, 
for instance, an eccentricity of only '/,. in. with tensile 
specimens of '/, in. diam. may already raise the stresses 
in the outside fiber of 75%. 

Especially under impact loads, these eccentricities 
may be of detrimental influence on the total energy 
absorption of welded brittle specimens. 


F. Triaxial Stresses and Cohesion of Metals 


It is a well-known fact that, if we subject a bar to an 
axial tensile load, the bar is elongated at the longitudinal 
axis and its transverse dimension decreases simultane- 
ously. This contraction unit strain in the transverse 
direction, in relation to the longitudinal unit strain, is 
expressed by the Poisson ratio m which for isotropic 
material is about 0.25 and for steel can be taken as 
m = 0.30. The transverse contraction under tension or 
the transverse expansion under compression reveals it- 
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_self as being of vital importance regarding the ductile or 
brittle behavior of welded material. For instance, dur- 
ing the Charpy impact bending test in which mild steel, 
for example, shows generally high ductility and an ap- 
preciable energy absorption, may, under special circum- 
stances, reveal a quite brittle condition with negligible 
absorption of impact energy. We know, by considering 
the cross section of the notched Charpy specimens with 
ductile fracture, that the outside fibers of the section 
which were under tension stresses have elongated con- 
siderably, while the opposite fiber under compression 
have been shortened during bending. But even of 
greater importance seems to be the fact that the rectangu- 
lar transverse section ABCD of the specimen has been 
transformed during the impact tests into a trapeze 
A’ B’ C’ D’, showing contraction in the stress fiber and 
expansion in the compressed fibers in both sides of the 
neutral plane XX’ (see scheme j). If the specimen of the 
same material breaks, however, under special circum- 
stances in a brittle manner, then its transverse section 
ABCD which was before the test rectangular, remains 
practically unchanged during the impact bending tests. 
No transverse contraction or any expansion whatsoever 
takes place and a quite different behavior of the welded 
metal in the fractured section is revealed. Contrary to 
the ductile fracture in the individual metal, crystals are 
greatly distorted by cleavage and plastic flow without 
showing any crystalline reflection; the brittle section on 
the other hand does not show any crystal distortion. It 
seems as if the individual crystals which appear in the 
fracture remain unchanged in their original structure and 
have simply been separated from each other in their 
boundaries without any plastic flow. This seems to be 
true even for crystals with a most unfavorable orienta- 
tion. In this connection we may speak of the ‘“‘co- 
hesion’’ of the metal crystal becoming active during 
fracture. By definition, cohesion is that form of attrac- 
tion by which the particles of a body are united through- 
out the mass; it is a kind of molecular attraction and we 
know very little concerning its real nature. But we 
know that molecular attraction forms the background of 
elasticity, plasticity, rigidity, ultimate load, ete. Now 
if we ask what are the special circumstances which may 
produce such a fundamental change in the fractured 
structure.of mild steel for instance, then we must recall 
the coefficient of Poisson m which did not become active 

during brittle fracture. No transverse contraction in the 

stretched fiber nor any transverse expansion on the oppo- 
site side of the specimen takes place during the impact 
bending test, and the shape of its notched cross section 
remains without any changes in its outside dimensions. 

We know, however, that this fundamental change in the 

mechanism of the fracture may be induced by different 
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factors, as, for instance, the geometrical shape 
mens (unfavorable stress pattern), in the transit; 
at low temperature or by an increased rate of | ading 
The influence of the two latter factors on the fra ture ¢; 
welded steel will be discussed separately later, so that jy 
this connection we have to consider mainly stres: dist; 
bution over the cross section of the specimen which, a. 
we know, can be influenced basically by changes in thy 
stressed metal volume. We are inclined to think of the 
strain as being distributed in structures prevailiny jn , 
two-dimensional plane, neglecting actual working gop. 
ditions of these structures. It is, however, the volume oj 
the used material that has to be considered and not that 
one of a plane. If structures are used with members 
having prevailingly a two-dimensional character (length 
and width) the depth of thickness of these members may. 
in most cases, be neglected. These structures are very 
flexible at least in one direction and will not give special 
trouble in service. In welded structures of ships, bridges, 
pressure vessels, etc., usually big sections are, however. 
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Tange 
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used, representing very stiff and rigid constructions of a 
monolithic character having practically no flexibility at 
allon any plane. In this case all three dimensions of the 
elements have to be considered. Most of the welded 
structures of this type operate in three dimensions and 
we cannot leave out of our considerations the thickness 
of these elements. It seems evident that a welded 
notched element A of negligible thickness 6, as shown in 
scheme k, has a quite different stress distribution at the 
bottom of the notch than a welded mass element B also 
eccentrically loaded with a thickness 6 equal to its width 
h. - This last specimen (see scheme /) has a high degree of 
stiffness, is of the monolith type and will probably de- 
velop, in the weld at the bottom of the notch, a brittle 
fracture because the coefficient of Poisson cannot enter 
into action, as a transverse contraction in this section is 
practically impossible in both directions. This means 
further that in the usual testing technique the weld in 
the impact test specimen is a factor which has not yet 
been sufficiently investigated to find additional explana- 
tions for the mechanism of the fracture of ductile mild 
steel breaking in a brittle manner, as occurs for instance, 
in arc-welded ships. We know today that the laws 0! 
similitude established in 1885 are not at all valid in test- 
ing nor in practical application. In tension testing, for 
instance, using specimens of 10 to 20 times the diameter 
of the usual '/2-in. standard specimen, the results with 
regard to the elastic limit, yield point, ultimate load or 
the percentage of elongation and reduction of area, are 
not at all similar. This is also true for impact bending 
tests. A few experiments only which may be of speci:! 
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in this connection and which were carried out by 
|. H. Wright, based on previous tests of this kind by 
Moser, showed that two mild steels (No. 1 and No. 2), 
with practically no marked differences in the usual 
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Impact Ft.-Lb.— 


Steel Single Width Double Width 
Condition 1 19.5 8 
Condition 2 19.0 37 


mechanical properties, behaved in a quite different way 
under special dynamic loading (A.S.T.M. Proceedings, 
1938, page 152). The standard Charpy specimen of 10 
mm.? behaved as completely ductile material while a 
specimen of double the width (20 mm.) and the same 
thickness fractured under identical conditions in a most 
brittle fashion. The transverse contraction which is a 
fundamental condition for the deformation of the mate- 
rial under plastic flow was, in this last case, inhibited by 
the double width of the specimen. Surprisingly, the 
energy absorbed which ought to be double that of one of 
the standard specimen, that is, two times 19.5 ft.-Ib., fell 
to an extremely low impact value of only 8 ft.-Ib. exhibit- 
ing the characteristic crystalline fracture without any 
distortion of the adjacent material. On the other hand, 
the No. 2 mild steel specimen of double width, absorbed 
approximately also double the energy (37 ft.-lb.) of that 
of the standard specimen (19 ft.-Ib.). This means that, 
based on that kind of tests, it might be possible to find a 
method which will give some basic information about the 
mechanism of fracture, that is, the important behavior of 
arc welds of steels in the transition zone. By this 
method we would be able to produce and distinguish 
between fractures of a brittle character without plastic 
flow and any crystal distortion and fracture under 
appreciable ductile conditions breaking under high de- 
formation and great energy absorption. An investi- 
gation of this type of specimens has been carried out and 
is reported upon in Parts V, L and VII G under the title 
“Simplified Impact Testing Method.” 

Especially, tests in sub-zero temperatures with arc- 
welded steel specimens of varying widths should give 
valuable additional information about these puzzling 
questions. 


G. Rate of Loading 


Investigations of the rate of loading with arc-welded 
material are very rare and are practically nonexistent in 
this field. It has already been shown that important 
changes in the mechanical properties of mild steels are re- 
corded when the rate with which these materials are 
loaded is increased appreciably. In general, it has been 
recognized that, besides the stress pattern and the de- 
creased temperature of tests, there is another factor which 
may lead to brittle fracture. That is the increasing rate 
of loading. The effect of these three factors are similar 
with regard to the type of fracture, and even a quantita- 
live relationship can be established. So, for instance, it 
was pointed out by J. H. Hollomon and C. Zener, 
(Journal of Applied Physics, Vol. 15, Page 22, 1944) 
that a decrease of the temperature of testing by 90° F. 
may be regarded as equivalent to a thousandfold in- 
crease in the strain rate. The effect of the three factors 
mentioned above, singly or combined, should be 
evaluated in some way in order to increase our knowledge 
of the tendency of welded steel to fail in a brittle manner. 
It is not without interest that the rate of loading enters 
into the testing method dealing with the transition 
temperatures of welded steel structures. 

To sum up the above theoretical considerations, it may 
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be said that most interesting results can be expected, by 
developing new testing methods and taking into account 
the discussed theoretical aspects of the welding problems. 


V—Development of New Investigation Methods for 
Welds 


A. Ductility Testing Methods 


As has already been said the ductility tests of welds seem 
to be of such paramount importance that specimens with 
a graduated changing degree of sharpness of the notches 
were used throughout the different tests of this research 
program. The testing methods used, being of a fairly 
straightforward type, may be described as follows: 

For producing multiaxial stresses in the weld and the 
parent metal, the stress patterns of the specimen were 
chosen so that the same load could be applied simultane- 
ously during the same type of tests, on one hand to the 
weld itself and on the other hand to the welded parent 
metal (see scheme m). For this purpose, besides the 
rectangular normally employed flat specimens, especially 
shaped patterns with different kinds of sharpness of the 
notches were used. The radius of these notches, start- 
ing with the smallest possible one and giving a maximum 
of stress concentration, was increased in a few steps up to 
an infinite radius, as represented by a rectangular speci- 
men. As shown in scheme (nm), these notches were pro- 
vided in the weld itself which was always exactly in the 
middle of the total length of the specimen; also on both 
sides of the weld, and at a reasonable distance from the 
welded zone, two similar notches were provided in the 
parent metal. All specimens were of the same thickness 
(3/16 in.) at the weld as well as in the parent metal, and 
the width of the effective cross section of all specimens 
was */, or '/, in. By this notch disposition the parent 
metal was simultaneously exposed to exactly the same 
stresses as the weld itself, and, due to the applied load, 
the fracture could naturally take place in the weakest 
part of the specimen. Besides the fairly important view- 
point of economy in testing, which is of vital importance 
in an investigation of this kind and which was carried on 
without special funds, this method leaves no room for any 
confusion or errors, as the load was evenly and simul- 
taneously applied to the different critical sections, which 
means those of the weld itself as well as those provided in 
the parent metal. All notched specimens were provided 
with at least three notched sections of this kind and a few 
specimens had even up to as many as 9 notches (see 
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scheme m) in order to make sure that the fracture did not 
take place in the adjacent metal of the welds, because of 
the heat-affected zone of the arc during welding. In the 
rectangular specimens with an infinite radius of the notch 
the number of equal sections was theoretically very high 
so that here also, the fracture could take place in the 
weakest part of the total loaded volume of the specimen. 
It was also tried out in several preliminary tests whether 
the notches placed in the outside fiber of the specimen or 
in the longitudinal central part, as shown in the 
schemes (0), were of greater or smaller influence on the 
ultimate supported load. According to these results the 
notches in the final series of tests were placed in the most 
favorable position in order that the failure may take 
place in the easiest way under static impact and repeated 
tensile loads applied axially and eccentrically in room 
and sub-zero temperatures. Also preliminary infor- 
mation tests were made to find out the influence of notches 
and eccentric loads on the resistance of mild steel speci- 
mens before the main investigation was launched. For 
this purpose, rectangular flat specimens of '/, in. thick- 
ness and */; in. width were used, and stress-strain dia- 
grams recorded under axial and eccentric loads. Also 
notched specimens, as shown in the scheme 0’, were tested 
axially and eccentrically under static loads. For each 
test series of the main investigation at least three different 
kinds of specimens were used, a notchless rectangular 
specimen A of about 1'/, in. gage length with the welded 
zone in the exact middle of the gage length, a medium 
notched welded specimen B with three notched sections 
of about r = */, in., a depth, h, of */s in., of which one 
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was located in the arc-welded metal and the tw. other 
placed one on each side and at equal distances from thy. 
welded section. As a super notch of the highest jossjpj, 
sharpness and stress concentration effect, a small hole of 
r = 1/32 in. was drilled through the welded specinien ang 
with a saw a cut was made to the depth of the note) 
Eccentric loads were provided by displacing the pon: 
of loading the desired amount which, as a maximyy 
was chosen as h/2 corresponding to e = '/, in | 
/16 

The loading of the static tensile test specimen was 
made in a 60,000-lb. Baldwin Southwark Universg 
machine under normal speed of about 5000 Ib./min. ang 
stress-strain diagrams of all specimens were recorded. 
illustrating very clearly the basic difference in the rp. 
sistance and the total energy absorbed by this variety oj 
rectangular and notched axially and eccentrically loaded 
welded steel specimens. The specimens were fixed in the 
grips of the machine by simple cylindrical pins for axia| 
loads; eccentrically loaded specimens were fixed by 
hardened steel knives, as shown in scheme p. These 
steel knives permitted a frictionless turning of both heads 


of the specimens under the plastic flow of the gage length 
due to the eccentric loads. 


B. Impact Tensile Tests 


For impact loading in tension in the pendulum ham- 
mer, also, preliminary tests were carried out to clear up 
the details of this new testing method for the investiga- 
tion of the ductility of welded steels. In the first place 
some information tests with small axially and eccentri- 
cally loaded notched and unnotched cylindrical speci- 
mens were tried out to find the optimum working con- 
ditions for this new type of impact tests. The specimens 
were fixed at one end in the pendulum hammer by means 
of a special adapter which could turn freely around a 
horizontal, in a needle bearing adjusted pin, while at the 
other end the specimen was fixed to the loading 
transverse which could turn freely on the loading points, 
as may be seen in Fig.4 (a—c). For nonaxial loads special 
adapters with eccentrically provided holes and loading 
transverses, as may be seen in Fig. 4 (b and c) have been 
used. For the main tests the flat specimens were fixed 
between needle bearings a, 5 so that they could also, in 
this case, turn freely under eccentric loads (Fig. 4 (c)). 
All impact test specimens were of the same dimensions 
and had the same notches and eccentricities as those used 
for the static tests. In order to keep these specimens 
straight, which as mentioned above, could turn freely 
around the pins of the fixture in the hammer and the 


transverse, a special spring which supported these fix- 
tures was used. 


C. Impact Tests at Sub-Zero Temperatures 


With the object of finding out the critical temperatures 
for welded mild steel, the test specimens were chilled in a 
mixture of methyl alcohol and dry ice with which sub- 
zero temperatures of about —75 to —76° C. could be 
easily obtained. The temperature which must be used 
for these impact tensile tests is the lowest working tem- 
perature of the structure. Consequently a temperature 
which is somewhat below the lowest degree that may oc- 
cur for such a structure can be regarded as a sufficiently 
safe one for this kind of tests. With regard to the fact 
that in recent years attention has been drawn to the arc- 
tic countries and mechanized expeditions have oper- 
ated in these countries, it seems as if a sub-zero temper- 
ature of —60 to —70° C. (that is —76 to —94° F.) may 
be regarded as sufficiently low for this kind of investi- 
gation. For the impact tests in low temperatures dry 
ice (CO,) was dissolved in methyl alcohol, so that a tem- 
perature of —20 and —60° C. could be easily attained. 
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jmen with the fixture was cooled in a receptacle 


en fe \ degrees lower temperatures than those in which 
the specimens were tested, and these few degrees were 
eufficicnt to bring the specimens to the desired temper- 
ature during the time of adjustment in the machine and 
the loading itself. After some manual experience, about 
10 to 15 sec. were necessary to carry out these operations. 
The accuracy of the low temperatures at which the 


welded specimens were tested was in the range of about 
+1 to =2° C. at —20° C. and about +2 to +3° C. at 
_¢o° C. The temperature of the bath has been meas- 
ured with a Pentan filled thermometer; temperatures 
down to —200° C. could be checked with this thermom- 
eter subdivided in one degree divisions. No special 
difficulties were encountered during these impact tests 


at room or at sub-zero temperatures, and all the results 
obtained with notched and unnotched, axial and eccentri- 
cal loaded specimens were of special interest for the in- 
vestigation of arc-welded steel. 


D. Fatigue Tests Under Cyclic Tension and Com pression 
Loads 


For the fatigue tests under cyclic loads of the notched 
and unnotched specimens a special pulsator with a ca- 
pacity of + 3000 Ib. (maximum and minimum tension and 
compressién loads) was used. This machine with cycles 
of about 1750 per minute served for the investigations of 
all notched and unnotched axially and eccentrically 
loaded welded specimens. A loading range of +1720 Ib. 
representing an average unit stress of about 20,000 psi. 


Fig. 4—Tensile Impact Machine and Specimens 
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Fig. 5—-Fatigue Machine 


for axial loads were tried out and the number of cycles 
ranging up to rupture of the specimen were automati- 
cally recorded. This machine, as represented in Fig. 5, is 
based on the principle of the deflection of helicoidal 
springs of which six are placed on each side of a piston 
connected with an eccentric permitting a maximum ec- 
centricity of */1, in. The cyclic loads can be applied 
either from zero to a maximum, or from a minimum to a 
maximum in tension; the machine can also work by alter- 
nating tension and compression stresses of the same or of 
variable magnitude. With this machine eccentric loads 
could be easily applied to the welded specimens with an 
eccentricity e of '/, in. An automatic circuit breaker 
entered at the rupture of the specimen in action and 
released an automatie brake which stopped the machine 
immediately. The results of these fatigue tests are 
reported in Part VII, C, a—d. 


E. Photoelastic Analysis 


If we have to solve problems of stress distributions 
which are very difficult to determine analytically then we 
use the photoelastic stress analysis method which has 
been found very. useful. In these investigations, using 
axial and eccentric loaded specimens with sharp notches, 
that means with very complicated stress distibution 
especially in the neighborhood of the notch, the photo- 
elastic method may give valuable information on this 
basic point. Transparent materials, representing repli- 
cas of the welded test specimens, were cut out of Bakelite 
plates of '/, in. thickness and machined to exactly the 
same dimensions as the original test pieces. They were 
axially and eccentrically loaded in a large field Polari- 
scope, as shown in Fig. 6 and according to the usual stress 
analysis method the concentration of the stresses in the 
notched and unnotched specimens were determined 
under axial and eccentric loads. (See Part VII). 
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F. X-Ray Investigation 


All welded plates were X-rayed before the te; 
mens were machined. One part of the plates was x 
rayed after having been completely planed on the -haping 
machine to their final thickness of about */\, i). Ay, 
other series of plates has been planed to the thick ness o 
the original plate in the beads only and before machininy 
these plates on both sides to their final thickness, radio, 
graphs of the welds were taken. For this investigatioy 
an X-ray tube with copper target was placed at a dis. 
tance of 40 in. from the welded plate; a 0.005 lead filte; 
on the tube head under 150 kv. and 600 milliam).-sec, 
40 sec. exposure were used. The radiographs of the same 
dimensions as those of the plate were made on Dupont 
films No. 506, showing clearly the most important de 
fects in the welds, so that completely sound or onl 
slightly unsound specimens could be selected for further 
tests. At the beginning of this investigation specimens 
for preliminary tests were taken from plates that had not 
been previously X-rayed. It may be of interest to state 
that the results with these specimens were so erratic that 
to secure regular and consistent test results it was re 
garded as absolutely necessary to have made of ever 
specimen a radiograph before machining or testing 
This practice of X-ray investigation was revealed to be o/ 
fundamental importance for this kind of tests. In fact, 
after having X-rayed every plate and subsequenth 
choosing welded specimens exclusively on basis of sound 
X-ray radiographs, completely reliable results of all 
mechanical tests were obtained. These results proved 
clearly the inestimable services rendered by the nonde 
structive X-ray investigation of the welds before testing. 


speci- 


G. Metallographical Micro- and Macroscopic Investi- 
gation of the Welds; Micro-Hardness 


From some of the welded machined plates, specimens 
located in the transverse direction to the longitudinal 
axis were cut out of the two types of welds (H. D. and 
L. D.) and carefully polished on emery paper of grit 
No. 1 to 0000. The structure of the weld and the adja 
cent base metal were examined under a metallurgical 
microscope with a magnification up to 50U, and micro- 
photographs were taken in order to locate any possible 
irregularities in the structure of this material both befor 
and after plastic deformation by cold stretching. Also 
a macroscopic examination of several specimens under 
low magnification as well as microhardness tests on the 
Vickers machine have been made. 


H. Comparison Between Welded and Riveted Structures 


In the materials testing laboratories up to date little 
attempt has been made to test combined elements oi 
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structures or even complete structures as a whole under 
rious loads. In order to make it possible to investi- 
vate not only welded specimens under different types of 
mading such as static, impact or cyclic loads, thus study- 
ing only one kind of mechanical resistance, a further step 
‘oward a more complete research of arc welds was made 
by using small scale models of completely welded struc- 
tures in comparison to riveted structures of the same 
.ind. For this purpose we used a simple, statically de- 
vermined truss (27 in. length and 12 in. high) as shown in 
scheme g, and composed throughout of two parallel flat 
mild steel bars (of '/s; x 1 in. cross section) welded to- 
vether in a production-like manner by use of the less 
juctile electrode L. D. as described in preceding chapters. 
[his type of truss may be regarded as a representative of 
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one of the simplest forms of welded structures of this 
kind. Investigated under static and fatigue loads it 
should give some additional information on the behavior 
of welded joints in these simple structural units. By 
this kind of tests the structure as a whole, with its nu- 
merous connections, its monolithic character, its high 
rigidity and its completely different load distribution in 
its various sections, may be investigated in a quite new 
ispect from the viewpoint of strength of materials, and 
may give some very fundamental information on the be- 
havior, especially the failures, of welded connections as 
well as of the wrought material of which these trusses are 
built. In these trusses the upper chords with their 
struts AB, BC and CD, are loaded in compression, while 
the lower court AD and the members BE and CE, being 
of special interest in these considerations, are loaded pre- 
vailingly in tension. It is evident that under heavy 
loads P, in point £ for instance, these members are de- 
iormed and the joints do not remain exactly in the same 
place, so that rather complicated local stresses in the 
members and joints may occur which differ seriously 
irom the simple welded joints, tested with standardized 
specimens. It must be underlined, however, that the 
results obtained with these small trusses of reduced scale 
compared to those of natural dimensions, and whatever 
may be the interest and importance given them with re- 
gard to their single structural members, these results 
cannot be immediately used to explain and understand 
the total behavior of members of this type working for 
instance in trusses of natural size. All we can and we 
want to compare by this special method of investigation 
are the welded or riveted joints with regard to their 
mechanical resistance, independent of how they may be- 
have jn actual structural buildings. 

Furthermore, regarding the rivalry existing between 
welded and riveted connections and the failures which 
have been encountered, especially with the former type 
of joints, trusses of the same kind with exactly the same 
dimensions, but with riveted connections, were manu- 
lactured and results compared with those of the welded 
trusses. The fength of the fillet welds meant to resist 
the maximum load for which these trusses were designed, 
and their over-all dimensions and necessary number of 
rivets were calculated according to the standard design 
practices used for these structures. It seems as if the 
riveted truss be in a somewhat less favored position com- 
pared to the welded truss as the sections of its flat mem- 
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bers are weakened by the rivet holes. The welded joints 
present in this respect a certain advantage. Further- 
more, the forces carried by riveted joints are transmitted 
prevailingly through the center lines of the flat members, 
while those of the welded joints are transmitted from the 
outside fillet-welded fibers of these members to their 
whole cross section at some distance from the welds. 
Another important point which may eventually be sup- 
ported by the test results is that the welded truss, due to 
the fact that its welds are in the main plane of the struc- 
ture, is rigid and represents all together more a kind of 
monolithic block compared to the riveted truss, which is 
much more elastic and flexible in its main plane because 
the rivets are placed locally and at a certain distance 
from each other in the joints. To measure the stress 
distribution under load the trusses were provided with 
numerous strain gages SR-4 placed in the most impor- 
tant highly stressed spots of the tension members (ties). 


I. Strain Gages and Strain Indicator 


Different types of strain gages (A-1, A-5, A-12) having 
various dimensions ('"/39, °/15 and '/s in. width) were used 
and connected with a small distribution control board 
carrying the dummy gage at the bottom. With these 
gages the SR-4 indicator was used by which the strain is 
measured in micro inches at the point where the gage is 
cemented to the loaded members. The static loads were 
applied at point £ with two vertical columns on the Bald- 
win machine, and the readings of the gages on the indi- 
cator were recorded. 


J. Fatigue Tests with Small Trusses 


Furthermore, cyclic loads superimposed on static dead 
loads, produced by four and later by six helicoidal springs, 
were applied with a special pulsator of a maximum ca- 
pacity of +3000 Ib. The truss, as adjusted to this pulsa- 
tor of Fig. 5, is shown in Fig. 7. During the fatigue test 
the upper chord under compression loads had to be rein- 


Fig. 7—Fatigue Testing of Truss 
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forced by square steel bars fixed on both sides of the flat 
bars of the truss in order to avoid buckling of these mem- 
bers under heavy loads. This machine made it possible 
to apply a maximum static load of about 12,000 to 18,000 
Ib. with an additional cyclic load of maximum +3000 Ib. 
Yet these fairly heavy loads, totaling about 21,000 Ib. 
and producing maximum stresses in the tension members 
of the structures up to 52,000 psi., did not seem sufficient 
to bring these members to a failure under cyclic loads. 
Therefore, a new fatigue machine of a quite different 
heavy type has been devised and will be ready for tests in 
about two to three months. This machine will produce 
a static load of 15,000—20,000 Ib. on which a cyclic load of 
+ 10,000 Ib. can be superimposed, so that it will be pos- 
sible to bring structures even much stronger than the one 
described to failure under ‘cyclic loads. 


K. Stress Coat Analysis 


Besides the strain measurement, done with SR-4 gages, 
the stress-coat analysis by the brittle lacquer method was 
used in order to have, under static loads, a certain ad- 
ditional control over the weakest points of the tension 
members in these trusses. This method is well enough 
known so that details about its principles and its manipu- 


lations can be regarded as unnecessary in this report 
(for results, see Part VII). 


L. Simplified Impact Testing Method for Reception of 
Steels for Welding Purposes 


As already mentioned, the specifications for the use or 
selection of structural steels for welded structures seem 
to be insufficient to insure the necessary ductility of these 
steels. In order to get some control over this most im- 
portant property of steels, an impact bending method, 
applied to notched specimens of greater widths than 
those for the normal Charpy test, was tried out at room 
and sub-zero temperatures. For this purpose some 
changes in the support of the specimens having variable 
widths were necessary. With the simple Charpy speci- 
men of 10 mm. width the influence of increased width was 
studied in several steps up to several times the original 
width, thus using specimens of about 28 mm. large and 
the same thickness (10 mm.) as the original Charpy speci- 
mens. The V-notch remains the same as the one used in 
the Charpy test. The distance between the supports, 
however, had to be increased from 55 mm. as used for the 
Charpy tests to 80 mm. for this new impact method. On 
the other hand the test procedure remains the same as 
that one prescribed by the A.S.T.M. Standards. 

Also the impact test in sub-zero temperatures is very 
simple and easy to carry out. The specimen is cooled 
down in a special mixture of methyl alcohol and dry ice 
to a few degrees under the sub-zero testing temperature 
and is thereafter quickly placed on the support of the im- 
pact hammer which in a fraction of a second breaks the 
specimen indicating the energy absorbed. By this 
method it is believed that acceptable minimum impact 
figures can be given later, and thus to dispose of the prob- 
lem of finding a simple, reproducible and inexpensive 
method for insuring adequate ductility properties of the 
steels used in welded structures. In general we can be 
assured that, if there are any weak points in the investi- 
gated arc welds, they will certainly be discovered by the 
above described extremely severe testing methods. If 
welded specimens and structures are subjected to these 
new testing methods and withstand these extraordinary 
severe loading without a brake in the weld itself, then 
these welds must be characterized as safe due to the fact 


that they surpass the parent metal in their mechanical 
properties. 
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VI—Preparation of the Welded Specimens {o; This 
Investigation 


A. Tensile Test Specimens 


Mild steel plates (1020) of '/, in thickness wire cys; 
size 5 x 12 in. on an oxyacetylene cutting machiie. 7, 
plates were provided on one side with an angle \\{ 45°. 
that two plates put together formed a V-groove in whic) 
the bead was deposited by shielded electrodes of |. 
5/in. diameter. In order to obtain a satisfactory hom, 
geneity of the welds, the plates were welded together wi) 
special precautions by a skilled worker, in three layer, 
using the prescribed ampere range for the current. Ty, 
of these plates with the solid beads are shown in Fig. 4 
Two different electrodes* were used, one with a high ce. 
gree of ductility and an average small tensile strengt) 
and another one with a lower ductility and a high 
breaking load. The mechanical properties of the welde; 
metal of these two typical electrodes designated by H. p 
(high ductility) and L. D. (low ductility) as given by 
the producer are as follows: 


H. D. D. 


Tensile strength 


Yield point 


Elongation, 2 in. 


Density 


65,000 to 75,000 psi. 


55,000 to 60,000 psi. 


30 to 35% 
7.85 grams per cc. 


70,000 to 80,000 ps 

60,000 to 65,000 ps 

20 to 25% 

7.80 grams per 
(min.) 
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Impact resistance 30 to 50 ft.-lb. 25 to 30 ft.-lhs 
Charpy Charpy 

Machinability Equal tothat of mild Equal to that of mi 
steel. Direct cur- steel. Alternat 
rent. or direct current 


Fig. 8—Welded Plates: Left L.D. Right H.D. Weld 
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Thes plates, being slightly distorted in the welding 
»y heat of the arc, were machined on both sides 
‘1a shaping machine to an equal thickness of about 


2SS 
proce 


0.18 in.; 


traces of the weld were visible only under re- 
gection of light on the planed surface of the plates. 
Before machining the individual test specimens of 


jifferent shapes and sizes, the welded plates were sub- 
mitted to a careful nondestructive X-ray examination 
and radiographs of each individual plate were taken. 
Ry use of these radiographs it was possible to secure ex- 
clusively sound welded specimens for the following in- 


vestigation. 


It may also be underlined here that a great 


deal of the success of this research in arc-welded test 
pieces is without doubt due to this highly valued investi- 
gation method to check the soundness of the welds. The 
transparent X-ray pictures show on the radiograph the 
most important defects, such as cracks, pin holes, in- 
clusions, etc., so they can be easily avoided in the se- 
lection of the specimens. 

Copies of numerous X-ray films taken from the in- 
vestigated plates (there were more than 25 individual 
radiographs of these plates taken) show principally three 
characteristic radiographs: plate A (grade I) with prac- 
tically no serious welding defects or only very small ones, 
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a second plate B (grade II) with medium defects, prevail- 
ingly pin and worm holes and the third one C (grade III) 
with a very great number of serious defects. Plates of 
grade I and some of grade II were used for the prepa- 
ration of the test specimens, while grade III with serious 
defects was not used at all for these purposes. All three 
plates showed no visible external defects after machining, 
and the welds even of plate C seemed to be of equally high 
quality. 

Before specimens were machined in greater quantities 
some preliminary tests were necessary regarding their 
shape, dimensions of gage length, disposition of notches 
as well as the dimensions of their heads, in order to avoid 
permanent deformations under ultimate static loads 
which might have a detrimental influence on these re- 
sults. Even during the machining of the specimens, 
with high-speed cutting tools, a certain distinction be- 
tween the welds made with high ductile and medium 
strength (H. D.) electrodes and those made with the less 
ductile and more resistant electrodes (L. D.) could be 
made. The latter showed greater resistance with regard 
to the machine tools, and the chips were smaller breaking 


more easily than those of the welds made with H. D. 
electrodes. 


B. Welded and Riveted Trusses 


The welded and riveted models of trusses, for small 
scale tests according to Figs. 9 and 10 to find out the 
difference in their behavior under static and fatigue loads 
were made of mild steel (1020 flat rods of '/s x | in.): 
they were welded and riveted under normal workshop 
conditions in a structural steel factory and the electrodes 
used were of the low ductile type and were the same as the 
low ductile electrodes (L. D.) used for the tests through- 
out this work. The dimensions concerning ultimate 
loads and factors of security of these trusses have been 
calculated according to the usual structural design and 
strength of materials methods. The reduced model was 
of the scale of about | to 20 compared to natural size of 
this kind.of trusses. It should be mentioned that these 
trusses were made exclusively for comparison tests re- 
garding the behavior of welded and riveted joints and 
their failure under static and dynamic loads. By no 
means, however, should the test results be used to draw 


Fig. 11—Radiographs of Test Plates 
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any conclusions concerning the behavior of «ther 
ments of this type of steel structures. 


VII—Test Results 


The results of the different test methods described pry. 
viously are referred to in this Part. Taking into 
count, however, that the X-ray examination of ty 
welded plates represents a basic method employed to y 
lect sound specimens before starting this work, the resyj 
of this investigation may be considered here. 


A. X-Ray Examination 


In order to select for use only sound specimens, with 
out any serious defects in the welds, all plates were y. 
rayed before specimens for the main series of tests wer 
machined. The radiographs which differed appreciab) 
from one plate to another and which even in the san, 
plate showed important differences in the various part 
of the welds, were carefully inspected and the location oj 
specimens without serious defects that could have an 
detrimental effects on the test results were eliminated 
In Fig. 11 are shown radiographs of four plates with loy 
medium and very high local imperfections. Plate 4 
could be used throughout for making specimens, as they 
could be cut out in such a way that the small inclusion; 
would not enter into the high stressed section. Defects 
as shown under a, a’ and a’’ in plate A were avoided 
while smaller imperfections as }, b’ and b’’, etc., wer 
tolerated in the specimens. Of plate B, the middle par 
a~a' was rejected; plates C and D were classified as 
completely useless for this kind of tests. 

However, to get some information about the detrimen 
tal effects of a certain small amount of gas and worn 
holes in the cross section of the welds, two specimens oi 
distinctly defective welded material of a H. D. weld 
such as may correspond with radiograph D, were ma 
chined and tested under static tension. As shown in 


Fig. 12 the fracture took place in the defective weld it r 
self, and as shown in Fig. 13, representing the fractured eff 
section under magnification of about 3 times the natural tae 
size of these specimens. Fairly numerous defects in the “ 
form of holes appeared in the fracture after the test to 


Fig. 12—Fracture of Defective Weld 
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Fig. 13—Fracture of Defective Welds Enlarged 


The surface of these holes can be measured so that the 
effective tensile strength of the weld metai can be calcu- 
lated, knowing the ultimate load. By this procedure the 
tensile strength of the weld metal was calculated to be of 
the order of about 72,000 psi.; however, the immediate 
effect that these defects, in the form of round and oval 
holes, may have on the stress values is not known. By 
more elaborate test results of this kind the degree of the 
tolerable maximum of defects in the weld can be easily 
established, defects which will not have a detrimental in- 
fluence to the extent of reducing the strength of the weld 
to less than that of the parent metal. As may be shown 
later, the selection of the specimens under rigorous con- 
ditions proved successful in so far as practically no speci- 
men failed in the welds due to an accumulation of imper- 
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Fig. 14—Tensile Test Specimens 
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fections. It was not investigated, however, as to the 
amount of defects, as shown in the radiograph, that will 
destroy the superiority of the mechanical properties of 
the weld as compared to those of the parent metal. This 
question, however, is, from an economic point of view, of 
interest, as it does not seem necessary that the weld 
should be of a much higher resistance than the adjacent 
metal. In a chain the weakest member always breaks 
and so members of very much higher resistance than the 
weakest one seem to be useless. If, however, the resist- 
ance of the weakest member in a welded joint is im- 
proved to equal that of the weld itself, then a further 
amelioration of the welded metal will be of greatest in- 
terest. This seems, however, not to be necessary as yet 
since the parent metal, according to the results of this in- 
vestigation, is always the weakest part of the joint, so 
that the weld does not need any improvement in this re- 
spect. The weld itself has in late years been so materially 
improved that the highest attention should be directed to 
strengthen the parent metal which seems to be by far the 
weakest part in this combination. 


< 


Fig. 15—Tensile Test Specimens Before and After Testin 


B. Tensile Tests 


(a) Preliminary Investigation.—Before starting the in- 
vestigation about tensile resistance some preliminary 
tests were necessary to fix the most convenient dimen- 
sions of the specimens and to try out the influence of 
different notches on the properties of mild and hard steel. 

1. Static tests under tension: A few flat specimens of 
3/16 in. thickness used for these preliminary tests are 
shown in Fig. 14. Two rectangular types of specimens 
of '/, in. width and '/, in. eccentricity (specimen 2) were 
tested axially, and two specimens with a sharp notch 
A-A’, also loaded axially (3) and eccentrically (4), like- 
wise shown in Fig. 15. The adjustment of the notched 
specimens in the Baldwin-Southwark testing machine as 
illustrated in Fig. 16(a) is shown in Fig. 16 (b-e). The 
special suspensions of the specimens on hardened steel 
knives is represented in Fig. 16 (¢). The results of these 
tests are givenin Table 1. These preliminary results are 
very interesting, having in mind the fundamental ques- 
tion of the possibility of a fruitful investigation of the 
ductility of various metals and alloys. Tests on these 
two types of specimens (rectangular and notched) were 
carried both with axial and with '/, in. eccentric loading 
and the results were compared. In rectangular speci- 
mens with '/, in. eccentric loading we found only a slight 
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difference in the breaking load as compared with axial 
loading: for hard steel the breaking strength of eccentri- 
cally loaded specimens was higher, while for the other 
metals it was lower, by a small percentage. It is char- 
acteristic that for all rectangular specimens the energy 


absorbed toughness is, in all cases, higher uncer | of 
eccentric loading than under axial loading. Howeve 
considering the results of tests on the flat notched Spec 
mens, a better differentiation of the degree of ductij, 
of these two materials is possible. For instance, 4, 
breaking strength of mild steel is 18% lower uncer ' 
eccentric loading and the total absorbed energy js 47 
lower; with hard steel the breaking strength is abo, 

38% lower and the total energy absorbed is 64° ;, low. 

The possible differentiation of the ductility and toughne: 
between the two tested steels, is, with this method, aj 

confirmed by the stress-strain diagrams recorded by t), 

testing machine under different eccentricities, as repr 

sented in Fig. 17. 

Also the influence in cylindrical specimens, of ay j; 
creasing eccentricity on the stress-strain records of pj 
steel in the region of yielding, is shown (Fig. 18) for ax; 
loadings as well as '/; and '/, in. eccentricity. It is j 
teresting to note that '/; in. eccentricity changes th 
yield point of the diagram distinctly, yet under ' , ; 
eccentricity only small traces of the yielding process ay 
recorded. 

After these information tests another preliminary tes 
series under static tensile loads was made with specimen 
cut out of '/, in. are-welded plates, so that they had ¢ 
mensions and eccentricities close to those of the final tes 
pieces. In diagrams of Figs. 19 and 19 (a) are repr 
duced the stress-strain records of the rectangular spe 
men A of '/, in. width, compared to the specimen B with 


(c) (d) 
Fig. 16—-Testing Notched Tensile Specimens 
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Table 1—Rectangular Specimens 


Ultimate strength | Strength Elongation % Energy 
1b. /sq.in. ratio Energy in.-1lb. ratio 
| exter 1/4" ecc. axial 1/4"ecc. | 
axial a c axial 
unnotchea | £4000 23 34200 
wild steel 
notchea | ®2200 50200 | 0.821 15 13 - 12 6 = | 18700 e520 | 0.529 
1&3 95500 96300 | 1.008 21 - 28 33 | 40300 
unnotched 
Herd steel Sh4 
1&2 62600 60300 0.963 37 = - 22 80 23 22500 23100 1.026 
unnotched ° 
Durelumin 
notched 52200 32900 0.650 - 3 6 3 2 = 5220 2280 0.436 
unnotched 53300 52900 0.992 23 30 26 37 21600 30700 1.421 
Brass 
notched 53400 27800 0.520 4 s - 2 0.2 - 3790 1470 0.387 
unnotched 40000 38700 0.967 28 36 31 37 143500 19700 1.3797 
Sad 41300 26600 | 0.644 12 13 ess s 
notched 680 | 0.440 


'/yg in. in the welded material. The 
thickness of the specimens was about 0.17 to 0.187 in. 


® and the basic difference between the mechanical proper- 
® ties in tension of these two welded specimens under axial 


load is very interesting. The diagram A shows the yield 
point of the plate at about 4000 Ib. and that one of the 
weld metal at about 5000 Ib. with a breaking load of 
maximum 5450 Ib., that is about 58,000 psi. The record 
of the notched specimen B shows the yielding of the weld 
at 5000 Ib. and has, at 6400 Ib., an ultimate unit stress of 


HARD STEEL 


LOAD 


a MILD STEEL 


— ELONG 


Fig. 17—-Stress-Strain Diagrams 
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INFLUENCE os ECCENTRICITY 
ON YIELD POINT of MILD STEEL 


toss 


Fig. 18 


about 71,500 psi. The total elongation due to the 
notches is reduced to only about half of that of specimen 
A. Still more interesting results have been recorded by 
using specimens A’ and B’ with the same dimensions and 
notches. Instead of axial loads these welded specimens 
were loaded under an eccentricity e of '/,in., and the dia- 
grams were recorded under identical test conditions 
Fig. 19 (a). The rectangular specimen A’ has a lower 
proportional limit (P. L.), a reduced ultimate stength (of 
about 9 to 10%), and a total absorbed energy or tough- 
ness which is only about */, of that of the axially loaded 
specimen A. These fundamental changes of the stress- 
strain record are still more surprising by comparing that 
of the notched axially loaded specimen B with the record 
of the eccentrically loaded specimen B’. The ultimate 
load and elongation are reduced about '/; (49,000 psi), 
and the energy or toughness is only about '/» that of the 
axially loaded notched welded specimen B. By this pre- 
liminary test we can see what an important role the two 
main factors, sharp notch and eccentricity, may play in 
determining the physical properties of the tested welded 
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steels. The main tests of this series were made with conditions of this quite new testing method by usin 


specimens of different shapes, as shown in Fig. 20. eccentric loads under dynamic tension. In Figs. 2\-94 eccent 


2. Dynamic tension: Preliminary tests in dynamic are shown one part or the test equipment as well .s some ey 
tension with a rectangular and cylindrical notched spec- notched special specimens before and after. the ‘cnsion wit 
men were also necessary to find out the optimum working tests. The main feature of this apparatus is its mecha. yo 4 

tiism for adjusting the specimen in grips which could turn 
freely in needle bearings during loading, so that, due to vse : 
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Fig. 19 (a)—-Stress-Strain Diagrams. (Static Tension Baldwin Fig. 19—Stress-Strain Diagrams. (Static Tension Baldwin 
Machine) Machine) 
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Scale */.” = 1” Fig. 20—Tensile Test Specimens 
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loads, the specimens were tested under simul- _ tests are given in Table 4. From these results it may be 
taneously acting unsymmetrical tension and bending seen that the values for dynamic tension tests are fairly 
shiis bv which the total available ductility and tough- consistent and, contrary to what might have been ex- 
et of the material was used entirely. The energy ab- 
corbed and the elongation of the specimens were meas- 
ured aiter the rupture of the specimens. These tests 
were made with mild steel, using notched and unnotched 
enecimens under axial and eccentric dynamic loads. The 
tests were carried out on an impact pendulum hammer of 
990 ft.-Ib. capacity (Fig. 24). For comparison purposes, 
tensile tests were also made under static loads. 

' Some of the results as to dynamic tension obtained 
with mild steel, duralumin and a magnesium alloy shown 
in Tables 2 and 3, were compared with the results of 
similar specimens under static loads. The average 
values of dynamic results compared to those of the static 
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. 21—-Apparatus for Notched Tensile Specimens 
(Turned 90°) 


Fig. 22—Tensile Impact Specimens Before Test Fig. 24—Tensile Impact Machine 
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pected, the scatter of these results, even. under high 
eccentricity, is fairly low. There is seldom more than a 
few percent difference between the single values of ab- 
sorbed energy. Furthermore, the absorbed impact 
energy is in all cases much higher than the static values, 
except for specimens with a single sharp notch under 
axial, 1/s and */, in. eccentric loads, in which they are 
appreciably smaller than the static test results (Table 4). 
With these fairly interesting and consistent results in 
mind, correspondingly good test results with flat speci- 
mens might be anticipated. Another interesting fact, 


Table 2—Dynamic anaion, Diameter of Specimen, 0.375 
n. 


Energy absorbed ft.lb. 
length 

Alley in. 1/8" 
eccertr. eccentr. 

123.0 135.0 145.0 

1/2 116.5 127.5 157.0 

221.0 225.0 146.0 

Average: 122.0 131.90 134.0 

127.0 123.0 97.0 

Steel 1/4 124.0 131.0 115.0 

mild 327.0 227.0 

Average: 126.0 136.0 117.0 

123.0 104.0 68.0 

1/26 120.0 101.0 73.0 

123.0 85.0 72,0 

Average: 122.0 97.90 71.0 

66.5 72.0 54.0 

65.0 73.0 62.0 

1/2 63.0 75.0 53.0 

66.0 75.0 ---- 

65 

Avevaze: 65.1 72.0 59.7 

Durelumin 54.0 34.0 27.0 
17 st i/a 57.0 235.0 25.0 
55.0 38.0 27.0 

Averave: 55.0 35.0 26.3 

44,0 29,0 21.0 

1/16 43.0 28.0 22,0 

46.9 28.0 22.0 

Averace: 44.0 2e.7 21.3 

82.0 20.0 15.5 

i/2 35.0 19.5 12.0 

$4.5 9.09 15.0 

Average: 24.9 19.5 14.0 

Nagnesiur- 16.9 12.0 11.0 
alloy 1/4 16.0 135.0 11.6 
66 St 16.0 12.0 31.0 
Averare: 15.0 12.7 11.0 

12.0 19.0 10.0 

1/ié 14.0 10.0 10.0 

14.0 10.0 10.0 
Averece: 13.5 10,0 10.0, 


Table 3—-Dynamic Tension of Notched Cylindrical Specimens, Average of Two to Four Results 


with regard to the high ductility of mild steel, js: that y; 
der eccentric loads the absorbed energy of all duc 
specimens increases or remains unchanged, and does no; 
as might have been supposed, become appreciably smajj. 
than that of the axially loaded specimens; only jy sh “ 
notched specimens ('/i in.) is the energy under eccents, 
loads of '/; or 1/4 in. about half that of axially load. 
specimens. Also less ductile material as for instance 
magnesium alloy does not absorb higher energies a} | 
and '/, in. eccentricity as may be seen in the abpoy, 
Tables 2 and 3. ' 
Furthermore, the heat-affected zone on both sides 
the weld might produce a certain weakness in the iy 
base metal, so that the specimens may fail in this spot 


when submitted to high tensile loads. In order to exp 7 


possibly most of the ‘active factors of detrimental jy 
fluence on flat welded steel specimens, two such spe0\ 5 
mens of special gage length between the heads wer 
machined out of a welded plate and tried out with a pe rs 
dulum impact hammer under axial tensile loads (Fig. 24 
As may be seen in Figs. 25 & 26 the rectangular specime i 
had a gage length of about 2'/. in. while the notche; 
specimen had within the same gage length, instead of th = 


usual three notches, three times as many sharp notches 
The weld was, for each specimen, in the exact middle ¢) 
the gage length. Two specimens of each kind were tes 
ted dynamically and, as may be seen in Fig. 25, all speci 
mens fractured outside of the weld* and so far away fron 
the central welded and adjacent heat-affected zones that 
it became clear that the material in this part of th 
specimen is not weaker but distinctly more resistant 
than the parent metal. Both rectangular specimen 
failed near the heads at a distance of at least */,in. from 
the central line of the weld and about °/\, in. apart from 
the remotest part of the heat-affected zone. The tw 
sharp notched samples failed in the last two notches at 
about 1 in. distance from the center of the weld. This 
proves that the heat-affected zone in this weld does not 
weaken the parent metal which breaks in a complete un- 
affected section with an unchanged crystal structure 
Based on these preliminary tests, the shape of the speci 
mens for the final series of impact tests were chosen with 
three different stress patterns (rectangular, medium 
notch and sharp notch) and were tested under axial and 
eccentric loads of e = */, in. 


* This and the following statements are valid only for welds without defects 


Energy ft.lb. 


Notches Reduction of area 4% 
Alloy Diameter = 0,375" 
1/8" 1/4" 1/8" 1/4" 


6 1/16 204.0 307.2 211.0 43.8 43.8 27.1 
ay 1 3/4 253.0 333.3 385.5 62.0 64.3 60.7 
1/16 118.5 55.0 51.0 24.8 25:35 14.3 


Magnesium i 3/4 58.0 23.0 18.0 8.5 5.7 Se6 
alloy 1/16 22.0 20.0 13.0 5.7 6.8 16.8 
58 ST 1 1/16 12.7 9.8 8.0 5.7 8.3 2.6 


7 1/16 97,0 19.1 
Duralumin | ° 1/26 64.0 53.0 42.0 17.6 10,2 
17 St i 3/4 118.0 80.0 54.0 25.1 20.2 12.8 
1 1/16 40.0 29.8 20.0 12.8 9.8 5.7 
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that yp Table /—Comparison Between Static and Dynamic Tension Test Results of Cylindrical Notched Specimens (Energy Ab- 
| ductij sorbed and Reduction of Area) 
does nos 
smaller Hotches Energy ft.1bd. Reduction of area 
1N shar Diameter 0,575" 
eccer Statice Dynamic Statice 
Alloy 
Y loade t t eccentr. eccentr. 
es at 
le above 6 1/16 174.6 328.8 114.8 | 204.0 397.2 211.6/ 46.2 29.6 25.0/45.8 435.6 27.1 
Steel 1 1/16 79.8 118.8 71.0) 118.5 55.0 51.0/ 28.5 24.8 20.4) 24.8 25.3 14.3 
3/4 182.6 198.8 208.5| 255.0 355.5 385.5 62.7 63.4 61.1 | 62.0 64.3 60.7 
1€ fat 
this sno 
my 1/16 24.5 4.8 5.8 22.0 20.0 13.0 6.8 5.2 4.2 5.7 6.8 16.8 
Megne sium 
‘Ntal jr alloy 1 1/16 14.6 10.0 10.6 12.7 9.8 8.0 7.3 6.4 4.7 5.7 8.3 2.6 
h spe 58 ST 1 3/4 22.4 7.0 7.9| 38.0 23,0 18.0] 7.8 4.2 4.2] 8.35 5.7 3.6 
ds wer 
1/16 Bl.1 54.6 41.6| 84.0 53.0 42.0] 8.6 9.8 6.8/17.6 14.7 10.2 
1 1/16 2.3 22.5 6.6) 40.0 29.8 20.0] 11.2 7.7 3.1/)12.8 9.6 5.? 
notched 3/4 91.3 79.5 54.61128.0 80.0 54.0]27.4 19.7 6.8] 25.1 20.1 12.8 
id of the 
notches 
uiddle oj 65,000 psi. and which is slightly higher for the L. D. weld. 
vere tes The proportional limit is, in all cases, practically the 
Il speci- same; the total elongation is about '/» and the total ab- 
ay fron sorbed energy up to rupture is about */; of that of the 
nes that H. D. weld. It is of importance to note that these two 
. Of the specimens fractured far outside of the weld itself in the 
esistant fillet between the larger head and the uniform rectangu- 
ecimens lar gage length. 
in. from Similar results have been obtained with a specimen 
irt from provided with sharp notches in the central part (Fig. 
rhe tw 27 (6)). Here again no marked difference in the propor- 
tches at tional limit between H. D. and L. D. electrodes could be 
This noted whenever the latter shows a somewhat smaller 
loes not ultimate load. Its elongation is again much smaller and 
lete un. the energy is in a ratio of 131.5 to 87.5 ft.-lb., the smaller 
"ucture 
€ speci 
en with 
nediun Figs. 25 and 26—Flat Impact Tensile Specimens STATIC TENSION 
‘ial and BALDWIN MACHINE 
. (b) Main Static Tensile Test Results with Arc-Welded UPTON 
— Specimens.—These tests were carried out with five ere 
different types of welded specimens, that is: WELO {LP = PRoPoRT hart 
——— | rectangular specimen of '/2 in. width. 
| specimen with three sharp notches (r in) in ABSORBED ENERGY LBS-P 
the central part, leaving on each side a '/,in. width in \L.0.=138.4 LBS-PI 
— the smallest cross section. 
* | medium tiotched specimen with three notches of r = _CMS860.8 _CM5820L8 
: */i¢ in. in the central part of the specimen. | 
| notched specimen with three sharp notches in the 
outside fiber (r = in.). 
} | notched specimen with three medium notches of r = 
*/ig in. tested with an eccentricity of e = '/, in. / eee 
(see Fig. 20). 
The welded zone was, for all test specimens, in the exact 
middle of the gage length and of all the above-mentioned — 
| test pieces, at least two specimens of each kind were tested 
one with the high ductile (H. D.) weld and another one 
| with the less ductile (L. D.) weld. WELD P3C48 
— The stress-strain diagrams of all these specimens, as 
recorded by the 60,000-lb. Baldwin-Southwark Uni- 
versal machine, are shown in Fig. 27 (a—e) thus comparing 
these two different welds under the same stress conditions. 
According to Fig. 27 (a), representing the results for the 
rectangular specimens, there seems to be no special 
difference between the two kinds of welds regarding the 4 
_— ultimate load, which is with 5880 Ib. of the order of Fig. 27 (a) 
JULY 
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energy being absorbed by the less ductile weld. The 
rupture again took place outside of the weld in the lower 
part of the gage length. 

Practically the same results have been obtained with 


WELD 


STATIC TENSION 
BALDWIN MACHINE 


CM= ULTIMATE LOAD 


LEGENOS = PROPORTIONAL LIMIT 


H.0.=131.5 LBS-PI. 
ABSORBED = 87.5 LBS-PI. 


LB 


the next two specimens having inside large notches a, 
outside small notches, according to Fig. 27 (c) and Fig 
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| 
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Fig. 27 (b) 
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Fig. 27 (d) 
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y 


WELD 


STATIC TENSION 
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LEGEND {LP = PROPORTIONAL LIMIT 


H.0.= “Ft. 
\ 


.0.=115.7 LBS-PI. 
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tche 
27 (d). The specimens of low ductility were, in hos, “= 
cases, distinctly inferior to the H. D. weld. The failure prams 
mens, 
H. D. 
STATIC TENSION 
BALDWIN MACHINE 
ULTIMATE LOAD 
LEGENDS | p= PROPORTIONAL Limit 
fH.0.= 168.8 LBS 
ABSORBED ENERGY (| 
tot 
| 
me 
LP4250 LB— LB 


Fig 


\ 
| 
LP4050LB8 ~ 
| | 
3 
— + WELD P2L45— 
WELD P2L45 WELD | 
| | 
| | | | | 
| 
| 
/ 4 } | | 
| 
A 
© | 
: 
a Cy 
| 
_ 
4 
| | | 
| | | | 
| 
| weo—| | | 
| 
| 
| | | 
WELD P3C48 | 
T | 
| | | | 
| 
a Fig. 27 (c) Fig. 27 (e) 
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ain occurred outside of the weld in the upper and lower L.D.weld. Not only that the ultimate load of this weld 

) and Fig ches and not in the central notch of the weld. is appreciably smaller but also its total elongation is re- 
e, in both go what greater difference in the stress-strain dia- duced to a proportion of about 2 to 1, compared with the 
“he failure prams of the eccentrically loaded medium notched speci- H. D. electrode, and its absorbed energy is only about 
mens, according to Fig. 27 (e) was recorded. Here, the 45% of that of the H. D. weld. Also in this case, under 

> EE 4. D. weld revealed itself as distinctly superior to the very high stress concentration, the failure occurred, in 


| 

BS-Pi, | Lj J 

545 Sraric Tension Sraric Tension, 

dot 
Viemat Loud 
|_| as Leqens: | sn warp, 
+ 40 
= 400 - 4 2s 
‘| Yr } a0 
IN 
Pp YN el TX Ax \ le 
Fig. 28—High Ductility Tension Tests: Proportional Limit and Fig. 30-—Elongation in High Ductility Welds 
Ultimate Load 
| 
| “a ry 
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| | 
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| | Ultimate Lead. | 
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| YX /} as} 

0000 20000 ot iN 
| 10000 + YN +40000 IN 
| K | + IN }- 
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Fig. 29—Low Ductility Tension Tests: Proportional Limit and 
Ultimate Load Fig. 31—Elongation in Low Ductility Welds 
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both cases, outside of the notched weld in the upper part 
of the parent metal of the specimen. 

The above static test results of the proportional limit 
and the ultimate loads of H. D. welds are shown in a 
statistical manner in Fig. 28, in comparison to Fig. 29 
for L. D. welds. Furthermore, the elongations were 
measured on all specimens in three different zones, that 


IYyiv 


Fig. 32—-Static Tension Specimens After Test 


ECCENTRIC AXIAL 


means, as shown in the scheme r, in the weld it 
A) over a length of about */; in., on both sid 
welded zones, in B and B’ and over the total gave len» 
of 1'/s in. length of the specimen. The measured elon», 
tions for the different specimens of weld metal H. D. a 
represented in Fig. 30 and of L. D. welds in Fig » 
The total elongation measured in the gage length is 

all specimens, higher for the dutile weld (H. D. | 


self 
€S Of th 


than fg 


Table 5 


Propor- 
tional Ultimate Energy 
Limit, Load, Absor}y 
Specimen Weld Psi. Psi. Ft.-L 
Axial without H. D. 4200 5820 197 3 
notch ke 2 4210 5880 138.4 
Axial sharp- H. D. 4250 6545 168 & 
notches in 4400 6100 113.5 
outside fiber 
Axial medium H. D. 4200 5900 136.9 
notch in $050 5790 115.7 
center 
Axial  sharp- H. D 4050 5880 131.5 
notch in L.D 4120 5700 87 5 
center 
Eccentric load 4100 5880 184.3 
medium 2350 5150 82.3 
notch in 


outside fiber 


the less ductile weld (L. D.). Thisis also in good accor 
ance with the stress-strain diagrams (Fig. 27 (a—e)) givin; 
the total elongation of the specimens between the pins 

loading heads comprising the elastic deformations 

other loading parts of the machine. Furthermore, t! 
proportional limit, the maximum loads in pounds pe 
square inch, as well as the energy absorbed in foot-pounds 
are represented in Table 5 which shows clearly the mai 
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Fig. 33—Impact Tension Specimens (Dynamic Tensile Tests) 
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Self (2p differences between the two kinds of H. D. and L. D. They fractured in a zone reasonably distant from the 
eS of a Mi welds as well as between the different stress patterns of weld itself where no change of the structure of the parent 
Ze lenoe A the specimens. metal took place during welding. In all cases the weld 
d elon : In Fig. 32 is represented a photograph of the statically itself was found more resistant than the parent metal and 


[ T)  Mitested specimens of this series; they show clearly the no failure took place in the welded zone. This means 


Fig a’ cry basic fact that these specimens failed neither in the that despite the partly very unfavorable stress patterns 
eth ic . IE welded zone nor in the immediately adjacent base metal, of the welded sections under axial and eccentric loads, no 
than ;, as is especially clear for the rectangular welded specimens. weakness whatsoever of the weld could be discovered by 
in these static tensile tests. 
(c) Dynamic Tension Test Results in Arc-Welded 
Ky 
Absorh, 
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Specimens.—Based on the static results with notched 
and unnotched specimens, there were chosen, for all dy- 
namic tests, one rectangular and two notched welded 
specimens, one with medium and one with sharp notches, 
as may be seen in Fig. 33; all test specimens were loaded 
axially and eccentrically with an eccentricity of e 


1. Impact tests of H. D. welds at room temperatures; 
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may be regarded as a confirmation of the preceding re- 


As may be seen in Fig. 34, the total absorbed energy 
the axially loaded rectangular specimen with the jj.) 
ductile weld (H. D.) is about 165 ft.-lb. for a gave leno 
volume of about 0.08 cu. in. This represents an ene . 
of practically 2000 ft. -Ib./cu. in., compared to only aby, 
1000 ft. -Ib./cu. in. for the static tests with flat wel, 
specimens of the same kind. About 2500 to 3109 4. 
Ib./cu. in. were measured for dynamically tested cy}, 
drical unwelded specimens of mild steel of 0.375 in. diat 

This energy of 165 ft.-lb. is the highest absorbed in ¢) 
test series by the ductile (H. D.) welded flat specimnes 
under impact loads. It is again surprising to no. 
here that the failure under dynamic loads also tog 
place outside of the weld in the parent metal near 1}, 
head of the specimen. All other specimens than the fy 
ones showed a smaller breaking energy due either to thy 
reduction of the stressed volume at the bottom of th 
notches, or to the eccentrically applied dynamic loa¢; 
An eccentricity of about */5 in. reduced this energy }y 
nearly 15%, as may be seen in Fig. 34, specimen B. Th 
specimen also failed outside of the welded zone. Mediyy 
notches reduced the energy from 165 to 138 ft.-Ib. (spe 

men C) and this energy is again reduced by about { 
ft.-lb. under eccentric loading (specimen D). fy 
specimens with very sharp notches the energy absorly 

under axial loads (specimen £) is about 35% lower tha: 
that for the rectangular specimen, and this low energ 
is again reduced appreciably by eccentric loading (e = 
3/16 in.), falling to only about 70 ft.-Ib.; that is less tha 
half of the energy absorbed by the rectangular specime 
A. It must be underlined that all dynamically load 

specimens of this test series failed outside of the wel 
on either side, in the smallest section near the heads oj 
the specimens. 

2. Impact tests of H. D. welds at —20° C.: The test 
results in the sub-zero temperature of —20° C. of th 
same high ductility weld (H. D.) specimens with the sam 
stress pattern as the preceding ones, are shown in Fig 
35. These results are not materially different compared 
to those made at room temperatures (—20° C.); they 
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sults for energy absorbed by the different shaped speci- 
mens. It is interesting to note that only the eccentri- 
cally |paded sharp notched specimen F seems to be more 
sensitive to low temperatures; its value is reduced to 
only about 40 ft. -lb. instead of 70 ft. -Ib. for the identical 
specinien F tested in room temperature. Under these 
conditions this material starts partially to lose its high 
ductility and becomes more brittle; the energy absorbed 
is onlv '/4 of that necessary to break the axially loaded 
rectangular specimen A under the same testing conditions. 
Furthermore, it must be mentioned that, despite these 
low temperatures, all failures took place outside of the 
welds and not in the weld material itself. 

3. Impact tests of H. D. welds at —70° C.: Ina similar 
way another series of specimens of the same shape and 
dimensions were dynamically tested in the lowest sub- 
zero temperatures that may occur on our globe in arctic 
countries. As may be seen by Fig. 36, in the low tem- 
perature of —70° C., all values of the absorbed energy 
are again lowered appreciably so that the rectangular 


these specimens, arc welded with a less ductile electrode 
(L. D.) than that used for the preceding welds, are shown 
for room temperature in Fig. 37, and for —20° C. and 
—70° C. in Figs. 38 and 39. These diagrams show that 
the energy absorbed by these welds is, in general, lower 
than those of H. D. welds. This difference is throughout 
of the order of 15 to 30%, and is due to the fact that the 
percentage of the weld metal volume, which is less ductile 


fe) 


Dynamic Tension 


20°¢ 
axially loaded specimen A shows only 120 ft. -Ib., that isa £ 
reduction of about 40 ft. -lb. compared to the energy ab- — nl “enedian, 
sorbed in room temperature. This is the highest value of 
this test series and all specimens rapidly loose their duc- > i r ;? 
tility under these extremely low temperatures. The ec- J feeneation +4 Weep le 
centrically loaded sharp notched specimen F breaks under basic 
very low impact loads. Only 20 ft. -Ib. are necessary to = : ad 
fracture this specimen, that means a load of only 10 Ib., 
falling from a height of only 2 ft., can fracture this steel | 
specimen. This is less than '/, of the highest value of + y) i ;* 
the rectangular specimen tested at room temperatures. “a i IN . 
The most interesting fact, however, in all these impact | \y IN 
tests in extremely low tempratures, is that not a single 5! y \ HN + 
specimen broke in the welded zone. All specimens of vo GFR LINN m 
this series, as well as those of the preceding series, frac- 1) \ YN 
tured outside of the weld material which resisted without $+ Ls 
fracture or without any external visual defects these ex- WA AN ais 
traordinarily high impact loads. 
4. Impact tests of L. D. welds at temperatures of A B c D E F 
+20° C., —20° C. and —70° C.: The test results of Fig. 42 
| 
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than that of the first test series in the ductile material 
is fairly small and will not exceed about '/; of the parent 
metal for rectangular specimens for instance and about 
‘; in notched specimens. 
enough to find throughout this test series smaller energy 
loads than for the H. D. welded specimens. 
reduction takes place in about the same proportion as 
the stress concentration in the specimen increases, these 
results again present a kind of confirmation of the con- 
sistency of the first series of tests. 
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also, no appreciable change of the 
energy is observed, compared. to that one in ro: 
perature, while in much lower temperatutes of - 
the change is very pronounced and the values 4 
much different from those of H. D. welds tested in thi 
extremely low temperature. 
energy was, as for H. D. welds, about 20 ft.-\h. 
fracture took place in the arc-welded zone and iny ar 
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L. D. welds: In Figs. 40 and 41 are shown, for compari- 
son purposes, the results of the energy absorption of 
welded H. D. and L. D. specimens in +20° C., —20° C. 
ind —70° C. which give a general survey of these inter- 
esting results and which illustrate clearly the influence of 
iow temperatures on the tensile impact resistance of these 
welded steel specimens. 

The elongation measured in the weld itself, in the 
yarent metal outside of the weld, as well as the total 
elongation of the gage length (weld and parent metal) 
of H. D. welds, tested at room temperatures and at 
_70° C., are represented in Figs. 42 and 43. These 
graphs show clearly the very important reduction of the 
elongation in sub-zero temperatures. This appreciable 
reduction of the ductility of the steel in —70° C. may 
give some aid to explain the rapid decrease of the im- 
jact energy in these sub-zero temperatures. The elon- 
vation in the parent metal, where failure always took 
nlace, is higher due to its reduction in area, while the 
elongation in the weld itself is fairly low, especially in 
sub-zero temperatures, in notched specimens they are of 
the order of a few percent only. Figures 44 and 45 illus- 
trate the results of this kind of tests obtained with L. D. 
welded specimens. Furthermore, the total elongations 
for H. D. and L. D. welds compared at —20 and —70° 
C. are shown in Figs. 46 and 47; these results make it 
clear that the elongation is highly influenced by the sub- 
zero temperatures as well as by the stress distribution in 
the specimens. So, for instance, in —70° C. the total 
elongation of weld H. D. is about 5°, while that of the 
less ductile weld (L. D.) is only about 2°), which is the 
least elongation measured in all our test results. In 
Fig. 4S are compared the energy absorbed by H. D. and 
L. D. welds in room and in sub-zero temperatures down 
to —70° C. Figures 49 and 50 represent the axially and 
eccentrically loaded, dynamically tested specimens after 
the test in —20° C. and Fig. 51 shows the same tést series 
made’at —70° C. 
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Fig. 48—Tensile Impact Test Results of Axially and Eccen- 
trically Loaded Specimens at Low Temperatures 
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C. Fatigue Tests of Special Shaped Specimens Under 
Cyclic Loads 


The specimens for these tests are, as shown in Fig. 52, 
of six different types; that is, rectangular specimens; 
specimens sharp and medium notched in the outside and 
the inside fibers, all axially loaded; and one specimen 
with sharp outside notches eccentrically loaded with 
e = '/,in. 

(a) Fatigue Tests in Room Temperature. A photograph 
of the failures of these-specimens, after the fatigue tests 
in room temperature is shown in Fig. 53; here, again, in 
no case was the weld damaged by cyclic loads; all failures 
took place outside of the welds in the parent metal. 
This is true for the H. D. welds as well as the L. D. welds. 
The results of these tests are all represented in Figs. 54 
and 55 showing the total number of cycles before frac- 


Fig. 49-—Axially Loaded Dynamically Tested Specimens After 
Test in —-20° C. 


ally Loaded Dynami 
After Test in —-20 


Fig. 50-—Eccentric cally Tested Specimens 


Fig. 51—Axially and Eccentrically Loaded Specimens After 
Test in —-70° C. 
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ture, for the differently shaped specimens of H. D. and 
L. D. welds. The load was 1720 lb., that is, about 
20,000 psi. for all high-stressed sections. Under these 
alternative loads, representing less than about half of the 
yield point or the elastic limit of the parent metal, the 
fatigue rupture took place with the rectangular axially 
loaded H. D. specimen after 1,140,000 cycles (specimen 
A, Fig. 54), while L. D. welded specimen A’ failed after 


Fig. 53—Fatigue Test Specimens After Failure 


Fig. 52—Specimens for Fatigue Tests 
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1,921,000 cycles, Fig. 55. It is curious to note that 
among the medium notched specimens C and D the notch 
in the outside fibers D and D’ seems to be less sensitive to 
cyclic loads than notches provided in the central part of 
the specimen, as indicated by specimens C and C’; these 
specimens withstood only 45,000—52,000 cycles, while the 
outside notched specimens supported, before failure, 
about 2 to 4 times more cycles. It is interesting to note 
here that the L. D. welds are under these loads distinctly 
superior to about 80 to 100% with regard to the number 
of cycles absorbed before rupture, over the more ductile 
H. D. welds. In all the above tests the failure occurred 
again completely outside of the weld and this is true for 
the rectangular as well as for all notched specimens. 
Even a smaller number of cycles were supported by the 
sharp notched specimens B and E of which again the in- 
side notches B and B’ revealed themselves as more sub- 
ject to early failure than the outside notches E—F’ of the 
two welded metals H. D. and L. D. In both cases the 
L. D. weld was somewhat more resistant to fatigue failure 
as the number of cycles for the less ductile weld was about 


Fig. 56—Fatigue Test Specimens: After Test in —-70° C. 
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Fig. 56(a)—Fractures of Specimens According to Fig. 56 


15 to 20% higher. All specimens fractured outside of the 
weld metal in the parent metal itself. These results 
changed somewhat with regard to the eccentrically 
loaded, sharp-notched specimens F and F’. For both, 
the number of cycles is the lowest of the whole series, and 
for the L. D. weld the number of cycles was only 1000 to 
2000 compared to about 10,000 for the H. D. weld. All 
the failures of these specially shaped, locally high-stressed 
specimens took place outside of the weld and this was 
true as well for the H. D. as for the L. D. welds. 
(b) Fatigue Tests in Sub-Zero Temperatures.—These 
tests have been carried out with rectangular and sharp 
notched specimens of H. D. and L. D. welds under axial 
and eccentric loads subjected to the severest temper- 
atures encountered under working conditions, that is, 
—70° C. Under unit tensile stresses of + 20,000 psi., 
the number of cycles was recorded before failure took 
place. Some of these results are shown in red in Figs. 54 
and 55 from which we see that the number of cycles 
necessary to produce fatigue fracture in these specimens 
is much lower than those necessary under room temper- 
atures, to produce the same effect. In Figs. 56 and 56a 
are shown several specimens after failure as well as 
their fractures; all are broken outside the weld. These 
tests have not yet been concluded and are still going 


Fig. 57—-Specimens for Photoelastic Analysis 
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on; especially the fatigue limit in pounds per square 
inch of the different specimens should be determined 
in order to know something about the stress concen- 
tration factor at the bottom of the notch, compared to 
the rectangular specimen tested under sub-zero tem- 
peratures. For this additional investigation in which 
the fatigue limit is considered to be at a minimum of 
at least a few million cycles, a fairly long time will be 
required before test results are available. 


D. Photoelastic Analysis of Different Transparent Speci- 
mens 


These tests were carried out with flat-notched speci- 
mens wnder axial and eccentric loads, as it seemed neces- 
sary to check the factor of stress concentration under 
these loading conditions. No record of the accumulation 
of stresses in this kind of sharp notched specimen, loaded 
eccentrically, seems to exist in the literature on photo- 
elasticity. We tried, therefore, to find some indication 
of the stress concentration factor that might enter into 
action in these stress patterns. By preliminary tests 
made with transparent material (bakelite) a stress con- 
centration factor k could be determined by 3.5 to 3.6 
under these most unfavorable conditions of the very 
sharp notch. Some of the transparent specimens are 
shown in Fig. 57 and in Fig. 58 are reproduced a few 
photoelastic diagrams of the distribution of the isoclines 
in these specimens under axial and eccentric loads. 
These photographs show clearly the appreciable stress 


concentration in the sharp notches especially of the ¢¢. 
centrically loaded specimens. 


E. Metallographic Micro- and Macroscopic Examination 
of Arc Welds; Microhardness 


Transverse sections of the welded specimens were jy. 
vestigated under the microscope after polishing and etch. 
ing in “Nital.’’ With a magnification of K 75, « |95 
and X 500 the different zones of these welds could be 
easily investigated. As may be seen in scheme s the \y. 
notch of the weld metal is clearly visible in the longitudj. 
nal section of the specimens, and the microstructure oj 


the weld itself is quite different from the parent metal, as 
shown in Fig. 59. On both sides of the weld are the 
zones of the heat influence of the arc, which have again a 
different structure from the parent metal. The width oj 
the weld between the two branches of the V-notch js 
about */s to a maximum of '/» in., and the width of the 
adjacent zone is about '/s in., so that from the middle 
of the V-notch the remotest part of the zone, showing 
some heat influence of the arc, is about '/, in. It is a 


Fig. 58—Photoelastic Stress Patiern 
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Fig. 59—Microstructures of the Weld 


general opinion that this zone, prevailingly with mixed 
needle structure, is the weakest of the weld. The me- 
chanical properties of this zone are put under high strain, 
especially in the dynamically tested specimens, due to 
their necessarily reduced gage length. For these speci- 
mens the notch was located in the transition zone, that 
is, between the heat-affected and the unaffected zone of 
the base metal. The static test specimens, however, as 
well as the fatigue test pieces, had a longer gage length, 
so that the notches were provided at least '/, in. outside 
of the weakest zone. 

The microscopic examination of a few welded speci- 
mens after they have been stressed up to rupture, Fig. 
59 (right), has been made, but nothing particular could 
be observed which could give any more information than 
that already obtained by the unstressed specimen. 

The test results of the Vickers microhardness tests 
with a load of 2'/s kg. and the diamond indentations are 
shown in Figs. 60 and 60a. They show very clearly the 
hardness of the different zones especially in the neighbor- 
hood of the weld. 


F. Behavior of Welded and Riveted Joints in Structures 


Details about the dimensions and disposition of the 
welded and riveted trusses built for this kind of investi- 
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gation, have been given in Figs. 9 and 10. In order to 
measure the stresses in the different tension members of 
the welded and riveted trusses, as described in Part V, 
H and J, strain gages SR-4 of different dimensions have 
been used and fixed in the most interesting zones of the 
structural elements, as shown in Fig. 61 for the welded 
truss, and in Fig. 62 for the riveted truss. The desig- 
nation of the gages throughout this investigation are the 
same if they are fixed in the same spot. They show the 
additional letter R if fixed on the riveted structures, and 
the letter S if fixed on welded structures. The gages, 
designated by B,; and D,~» are gages of type A-Al and 
A-5 of !"/30 and °/;. in. width, are fixed on the flat side of 
the steel member (1 x '/s in.), while gages designated by 
C)-4 of type A-12 had a width of '/; in. and were fixed on 
the small side of the flat members of '/s in. thickness. 
Some details of the inferior central connection between 
the horizontal chord and the two ties showing different 
spots where the strain gages with their connection wires, 
as fixed on the riveted truss, are represented in Fig. 63. 
We see on the left side of the inferior court the two gages 
D, and B; and on the tie the gage D; and underneath the 
flat member is fixed the small gage C,; which is hardly 
visible on the photograph because only the profile of the 
thickness of this gage appears here. Some details of the 


355-s 
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whole riveted truss with strain gages, wiring and switch- table of the Baldwin machine with the loading levices 
board, are seen on photograph, Fig. 64, and the total for static compression tests, are shown in Fig. \j5, Ag 
arrangement of the welded truss, gages, wiring, switch- may be seen, the truss and switchboard are fixed \p 4 U. 
board and strain recorder, as adjusted on the loading channel, so that the whole installation can easily j, 
placed as a whole on, or removed from, the testing ma. 

chine. The test results of the measurements of the dg. 
formation of the welded and riveted members are showy 
B Cc in the load deformation diagrams in Figs. 66 to 72. Th, 
_ first diagram of this test series (Fig. 66) represents the 

total deflection on a scale of '/ jo in. of the welded «nd the 
riveted truss in function, of the applied loads in pounds 
From this diagram we see that the total load was applied 
; 3 > up to about 14,000 Ib., and that throughout this experi. 
ment the riveted truss shows an appreciably higher elas. 

t tic deflection than the welded truss. At about 11,009 

‘ae Ib. the elastic deflection of the riveted truss is more thay 


P=10000 lbs. 


Table 6 


Unit stress at 10,000 Ib. in. 
1—Tie B—E S = P/a = 5772/0.25 = 23,088 psi. 
2—Chord A-—E S = 11,544 psi. 
Strain: 1—e = S/E = 0.000770 in./in. 
2—e’ = S/E = 0.000385 in. /in. 


Welded Truss—Load, 10,000 Lb. 
8.3 + 8.0 = 8.15 or 24,450 psi. 


9 
8.0+6.1 = 7.05 21,150 psi. 


Ds + Ds = 9445.1 = 7.25 21,750 psi. 

Cs -Cy = 8. 747 = 7.85 23,550 psi. 

Bs +B, 3.7 + 5.2 = 4.45 12,450 psi. 

D+ D: = 5.6 + 5.6 = 5.60 16,800 psi. 

=6.3+7.8= 7.05 21,150 psi. 
2 2 


Welded Truss 


E B, = +.15 = +4650 psi. C, = —1.15 = 3450 psi 

7" Bz = —.15 = —350 psi. D; = +1.15 = +3450 psi 
B; = —.75 = —2250 psi. D. = +1.15 = +3450 psi 

By = +.75 = +2250 psi. D; = — .15 = —4850 psi 

Ga C, = +1.85 = 5550 psi. D, = —2.05 = —6150 psi 
C; = +3.35 = 10,050 psi. D; = 1.25 = —3750 psi 
os C; = + .55 = 1650 psi. Ds = —3.05 = —9150 psi. 


Riveted Truss—Load, 10,000 Lb. 
From curves we obtained: 
B, + Bz = 6.6 +8 
9 


9 
Di + Dy = 5.7+9.5 =7.50 22,500 psi. 


9 


9 
Ds + Ds = 10.8 + 4.2 = 7.50 22,500 psi. 
9 ‘ 


7.30 or 21,900 psi. 


Cy + Cy = 8.2+7.6 = 7.90 23,700 psi. 
8850 psi. 
15,750 psi. 


11,700 psi. 


Riveted Truss 


B; = -—0.7 = —2100 psi. Cy, = +0.3 = +0.900 psi. 
B, = +0.7 = +2100 psi. D,; = —0.35 = —1050 psi. 
B; = +0.25 = —7650 psi. Dz = +4.65 = +13,950 psi. 
By = +0.25 = +750 psi. D; = —1.6 = —4800 psi. 
Cc, = —0.35 = —1050 psi. D, = +2.1 = +6300 psi. 
C, = +2.25 = +6750 psi. Ds = +3.5 = +10,500 psi. 
C; = +0.9 = +2700 psi. De = —3.1 = —9300 psi. 
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40°, higher than that of the welded truss. That means 
that the welded truss is much more rigid or stiff than the 
riveted truss. The first one is more of a monolithic type 
without the high elastic flexibility of the riveted truss. 
Furthermore, we see that for higher loads the welded 
truss starts a kind of yielding and at about 14,000 Ib. 
shows the same deformation as the riveted truss, how- 
ever, with the basic difference that one part of this de- 
formation is not reversible, that means it is not com- 
pletely elastic; a permanent set in different members, at 
least locally, must have taken place in this truss. This 
is not the case for the riveted truss which remains com- 
pletely elastic up to about the maximum load of 14,000 
lb. The difference in the angle of inclination of the two 
load deformation diagrams indicates that right from the 
beginning locked up multiaxial stresses might put the 
welded truss under initial loads which are partly added 
to the external applied loads during testing. In the fol- 
lowing diagrams, Figs. 67 to 72, the loads on the ordinate 
are represented in function of the unit elongation, as indi- 
cated in inch per inch by the different strain gages. The 
corresponding gages of the riveted structures designated 
by R are always compared to those of the welded struc- 
ture designated by S. So, for instance, the gages C; and 
C; placed on the top and bottom fibers of the two flat iron 
members of the lower chord, respectively, show much 
greater plastic deformation for the welded structure than 
do those for the corresponding fibers of the riveted truss, 
Fig. 67. These two outside fibers seem to be particularly 
highly stressed in the stiff and rigid welded truss, as com- 
pared to the riveted flexible truss with a riveted con- 
nection which transmits the stresses mainly axially. 
C;R and have, at 10,000 appreciably lower elas- 
tic deformation whenever CR starts to show permanent 
deformation, because this load elongation diagram does 
not represent a straight line. At higher loads CiR re- 
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mains without any appreciable changes and C,R does not 
indicate results at all while C,;S and C.S have a tendency 
to indicate slowly growing permanent deformations. 
These curves are not straight at loads higher than 10,000 
to 12,000 lb. The results of all the other gages are 
graphically represented in the following Figs. 68-72. 

For comparison purposes the unit strains of the riveted 
truss measured in different zones of the horizontal and 
diagonal members in tension have been put side by side 
with those of the welded truss and under a load of 10,000 
lb. applied in E on the central lower connection plate. 
Theoretically, if no secondary effects take place in these 
members, the elongation in the neutral axis can be easily 
calculated. Under a total external load P of 10,000 Ib. 
the diagonal tie B—E is loaded with 5772 Ib. and the hori- 
zontal chord A—E with 2886 lb.; this represents a unit 
stress of 23,088 and 11,544 psi., respectively, for a cross 
section of these members of '/, sq. in. (all sections were 
composed of two parallel flat irons of '/s x 1 in.). As- 
suming a modulus of elasticity of this material of EK = 
30,000,000 psi., the unit strain under the above stresses 
should be e = s/E = 23,088/30,000,000 = 0.00077 in./in. 
for the tension members B—E or C—E, and 0.000385 in. /in. 
for the horizontal members A-E or E-D. (See 
scheme 

(a) Strains in Riveted Truss.—In fact, with the electri- 
cal strain gages SR-4 used in the neutral axis of the 
riveted truss, for instance, with gages B,R and BR 
placed one behind the other in the neutral axis in tie C-F, 
an average elastic deformation under a load of 10,000 
lb. was measured, as may be seen in Table 6, that is: 

BiR+ BR _6.6+8 _~. 
> 9 


which represents a unit strain of 0.00073 in./in. It can 
be said that this is in very good accord with the theoreti- 
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cally calculated value, as the experimentally measured 
value differs about —5°% from the theoretical value. 


the same way the average of all other strain gages placed D;R and D,R, placed at the bottom of the tie B-/: 


. 60(a)-Specimens After Vickers Pyramid Hardness Tests 


symmetrically with regard to the neutral axis was caley 


lated. So, for instance, this average for the two gapes 


je Was 
0.00075 in./in. and for those at the top also ().(\yq7; 


in./in.; while the gages C;R and C,R, placed on th, 
flat '/s in. side of the member, gave a somewhat high; 
average of 0.00079 in./in. (see Table 6). Calculating 
now the deviation for the average value of (.(\)Q7) 
in./in., measured in tie B—E and in the neighborhood o; 
the end connection of this member then we can, by th, 
indicated positive and negative deviations from tly 
average, gain a fairly good conception of the local distr; 
bution of these stresses along this tie B—E and between jt, 
connected ends. According to the scheme of Table () y 
can see that this member (B-—£) is not stressed exclusively 
by absolute axial loads but by transverse loads acting jy 
the plane of the truss in such a way that a positive bend 
ing moment near the upper connection, and a negatiy; 
bending moment acting in the opposite direction ear 
the lower connection, put this member under bending 
stresses. As shown schematically in this table and 
schemes the highest eccentric stresses occur near the 
upper connection, where the strain is +3.5 (DR) at the 
right side of the neutral axis and —3.1 (D¢R) on the left 
side. This represents an increase in local stress of about 
40-45%, that is, at a total load of 10,000 Ib. instead oj 
23,088 psi. about 33,500 psi. were effectively measured at 
this point (DsR). This local stress has reached the yield 
point of the material of the truss, while the average stres; 
of these members in other sections farther away from th« 
connection points is appreciably lower. This means 
that here Luder’s lines should appear under further load 
ing, which indeed was confirmed by applying somewhat 
higher loads to the truss as explained later on. In the 
opposite fibers (DsR), however, stresses of only about 
13,800 psi. occurred. It is evident that these high stress 
concentrations in D;R will become very dangerous under 
cyclic loads of the truss. On the other hand, however, by 
virtue of this most marvelous yielding phenomenon o{ 
mild steel, these stresses do not increase indefinitely; 
they are levelled off and distributed locally over a larger 
section of the stressed member. According to these re- 
sults we see that the most dangerous section of this type 
of a truss is that in the neighborhood of the upper con- 
nection. This was clearly confirmed by using the fairly 
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Fig. 62 


sensitive brittle lacquer method by which exactly the 
same critical spots have been indicated (see this Part VII, 
F,c). Furthermore we see that the lower part in the 
neighborhood of the connection / of the riveted tie B—E 
is stressed to a somewhat smaller degree, as D,R in the 
fiber opposite D;R shows only an additional strain of 
).00021 in./in. or a stress altogether of about 29,400 psi. 
in tension, so that the yield point has not yet been 
reached in this part of the tie. 


ove A 
| 
/ 
£4 
| 
rl. ° 4 1 1 
Fig. 64—Riveted Truss with Strain Gauges and Switchboard Fig. 66-—-Deflections of Trusses 
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The same considerations have been made for the lower 
chord A-—E in tension. Here the strains are +2.25 the 
highest in the inferior fiber (C.R) near the connection 
point E compared to the average of (Bs; + By)/2 = 2.95. 
In the upper fiber near the connection A in C; are some- 
what smaller strains than the average of 2.95 in this 
chord. According to these results a kind of bending in 
the plane of the truss near the central connection E takes 
place. In this member, however, no dangerous stresses 
take place because it is loaded only with half the load of 
the member B-E, that is, with 11,540 psi. 

(b) Strain in Welded Trusses.—Exactly in the same way 
the welded truss has been investigated, and the results 
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indicated by the strain gages having the indices § ay, 
also shown in Figs. 67 to 72. By making the sare eq). 
culations as those for the riveted truss we find, as may be 
seen in Table 6 that, instead of an average strain of 
0.0077 in./in. corresponding to the theoretically calcy. 
lated strain under a load of 10,000 Ib., this welded ti 
C-E is under a higher strain, as revealed by the gages 
B;S and B,S in the neutral axis of the tie. The average 


strain is, in this case, 0.000815 in./in., indicating 0.000045 
in./in. or 1350 psi. more than the theoretically calcy. 
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lated value corresponding to an average unit stress of 
94,40) psi. This means that the member B-—E of this 
welded truss shows an initial tension which is probably 
due to locked-up stresses occurring during the welding 
process. On the other hand, however, the tie B—E seems 
to be preloaded in a somewhat smaller degree than the 
corresponding tie C-E; the average strains of the gages 
(D;S + DeS)/2 = 7.25 or (DsS + D,S)/2 = 7.05 and 
(C38 + C,S)/2 = 7.85, are smaller than those of tie C-E 
(8.15), and are even somewhat smaller than the cor- 
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Fig. 73—Welded Truss with Cracks in Brittle Lacquer 


responding values of the riveted truss. Furthermore, 
there are practically no dangerous additional local stresses 
near the connection of this truss, contrary to what has 
been found in the riveted truss. The locally highest 
stress in the welded tie is near the upper welded con- 
nection B in point D;S, where an additional local tension 
of 3500 psi. takes place, making a total tension of 26,500 
psi. Apart from gages D,S and D,S, which indicate 
appreciable smaller tension than the average of 8.15 
(—3.05 = 14,400 psi., and —2.05 = 18,000 psi., re- 
spectively), there do not seem to be any local tensions of 
particular interest in this welded tie. 

The lower chord A-—E is also stressed higher than its 
theoretical value of 0.000385 in./in., and has with 0.000- 
445 in./in. an initial stress of about 12,450 psi. Also, the 
average stresses for D,S and D.S are both at 0.00056 in./ 
in., higher than the average of the neutral axes, while the 
outside fibers in C,;S and C.S have a very high average, 
0.000705 in./in.; Cs surpasses the initial stress value of 
+-0.000335 in./in. by about 75°%. But this local stress 
is not dangerous, as the chord A—E carries only half the 
load of the tie B—E. If, however, this unusually high 
additional tension in the outside fibers of the lower chord 
would take place in the tie B—E, then this member, hav- 
ing already a tension of 24,400 psi. would be loaded with 


RESEARCH ON ARC-WELDED JOINTS 361-s 


B iS 
A E D a 
u 
a 13 000 Ibs. 
b 
0 
13 500 
Jf 
F 
1Y 1948 


= 


17500 
14 500 


LAKER 
NOT CRACKE 


LACKER 
HEAVILY 
CRACKED 


( NO CRACKS 


Oo 


24,400 + */, X 24,400 = 42,600 psi., and this is a stress 
which is far beyond the yield strength of mild steel. All 
values for the gages with the indice S, concerning these 
members, are shown in Figs. 67 to 72, as well as in Table 
6, giving the average results of this strain investigation. 

Due to a very pronounced yielding of the two trusses, 
much higher loads than 16,000 to 18,000 Ib. were not 
applied. Also, several strain gages, due to the excep- 
tionally high strain in different spots, had become useless 
before the application of these high loads took place. 

(c) Brittle Lacquer Method.—On the main stress mem- 
bers of both trusses a layer of brittle lacquer was applied 
according to the prescriptions of the test procedure of the 
well-known stress coat method. During the static tests 
of the trusses in the Baldwin machine the brittle lacquer 
was observed with a magnifying glass, that is, the lacquer 
applied to the main stress members C-E and D-E, 
symmetrically situated in relation to the members sup- 
plied with strain gages on various parts and carrying 
practically the same loads. These observations made 
under high loads are in very close agreement with the 
readings of the strain gages, taking into account the cal- 
culated higher stresses in the various critical zones of 
these members. As we have seen, the highest unit 
stresses in the welded truss were, according to indications 


Fig. 74—Riveted Truss with Cracks Spreading from First Rivet 
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of the strain gage D,S, in the neighborhood of the guy 
nection B and were located in the upper part of the ti 
B-E. In fact, in the symmetrically situated members 
C-E of the welded truss, precisely in the place where th, 
highest stresses were measured in B-E, the first ing; 
cations according to the stress coat method were oj. 
served (scheme uw). At a load of 12,000 Ib., the firy 
crack in the lacquer appeared, as illustrated in scheme ; 
Near the end of the upper fillet weld a wedge-shape 
crack a extended directly across the flat iron membe, 
and ended at about */; of the width. Traces of th; 
beginning of another crack b were noticed about ' , jy 
lower down. By a glance at the deflection diagray 
Fig. 66, we find that permanent deformation of th 
welded truss begins at a load just above 11,500 Ib. x 
that at 12,000 Ib., a few thousandths of an inch permg. 
nent deformation is already recorded in the welded truss 
while the riveted truss does not yet show, at this load 
any deviation from the load deflection curve. Further 
more, under a load of 13,000 Ib. the wedge-shaped secon 
crack 6 has developed parallel to the first one a and als 
ends at a distance of about */; of the width of this 
element (scheme v’). At an only 500 Ib. higher load 
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Fig. 75(a)—Truss Adjusted on Top of Fatigue Machine 
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the second crack 6 has developed entirely across the 
width of the flat member (1 in. width), and ends in 
‘orm of a Sharp wedge in the opposite fiber. At this 
load several other cracks started to develop in the lower 
part of this highly stressed tension member (scheme w). 
' On welded tie B-E, after having supported the very 
high load of 17,500 Ib., the lacquer is cracked throughout 
in all directions, and has partly fallen off in the most 
cold stretched parts of this element. Only in two 
places, about half way between the middle of the flat 
member and the welded connection, the lacquer re- 
mained unchanged, representing on both sides a kmd 
of geometrical form of trapeze, indicating that in these 
nlaces no abnormal yielding had taken place. At both 
welded ends B-E, just where the fillets started, some 
transverse concave cracks in the lacquer ran through 
the whole width from one fillet to the other. The brittle 
lacquer cracks in the horizontal chord A—E, which show 
only half the unit stresses of those of the tie B—E, some 
wedge-shaped cracks had already started in the upper 
fibers and on both ends near the welded fillets (scheme y). 
Figure 73 represents the welded lower connection / with 
cracks in the lacquer after an applied load of 19,000 Ib. 
and a new layer of lacquér had been applied. Even in 
the compressed chord members A—B, and C-—D plastic 
flow, revealed by Luders lines in the outside layers of the 
mild steel, could be observed after high compression 
loads in those members had been applied. On the other 
hand, in the brittle lacquer of the riveted truss which was 
stressed with a maximum load of 14,500 Ib., only very few 
cracks appeared ina, a’, a” and b, b’, b” on one side of the 
rivets (see scheme x); they were fairly pronounced in the 
neighborhood of the first rivets A and diminished grad- 
ually between this and the following rivets A’, A” and 
B’, B". The horizontal chord at these unit stresses 
showed no cracks whatsoever after having been loaded up 
to 14,500 Ib. After having been loaded with 18,500 Ib. 
and a new layer of lacquer had been deposited, the upper 
connection B is shown in Fig. 74 with its characteristic 
cracks spreading around the first rivet A. 

As may be seen, by these fundamentally new testing 
methods for analyzing the stresses in welded and riveted 
structures under increasing static loads and on a scale 
which presents no special difficulties in an ordinary 
laboratory, very interesting experimental results can be 
gained. Among numerous other results and conclusions 
we find that there does not exist, as may generally be ad- 
mitted, at least in these two models, a basic difference be- 
tween riveted and welded structures. Fortunately the 
locked up stresses in the welded structure are by no 
means dangerously high, and as a whole the behavior of 


Fig. 76—Reservoir with Truss on Fatigue Machine for —70° C. 
Testing Temperature 
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this structure seems to be even more favorable than the 
riveted truss. Furthermore, we learn by these small 
model tests, which are very easy to carry out, how vital 
in structural material is the need of the still largely un- 
known property of “‘ductility”’ in overcoming these local 
over-stresses and stress-concentrations, which can be 
levelled off in a most marvelous manner by the really 
providential effect, equally insufficiently understood, of 
the phenomenon of yielding under constant stresses. 
Weak zones of high stress concentration which are prac- 
tically unavoidable in rigid structures made of welded or 
riveted joints, are immunized against failure by this fun 
damental change which takes place locally in these struc- 
tures even without our knowing it and without any ex 
ternal indications whatsoever. It is surprising to find 
that, during these tests, the loads can be increased grad 
ually to such very high values (18,500-19,000 Ib.) with- 
out causing failures in the riveted or in the welded con- 
nections of these structures. These trusses simply do 
not fail, either in the welds or in the rivets; under very 
high loads only a plastic deformation of the members 
gradually takes place and the shape of the truss is changed 
without any sudden failures of the joints. 

(d) Fatigue Tests of Welded and Riveted Trusses Under 
Cyclic Loads.—Another fundamental problem is the be- 
havior of welded and riveted trusses under cyclic loads. 
Generally this kind of loading takes place in structures 
working under normal practical conditions. Welded or 
riveted ships are submitted to fairly high tension and 
compression fatigue loads in heavy weather, and welded 
or riveted bridges are exposed to cyclic loads due to the 
live loads they have to carry. From this point of view 
another fundamental] new series of tests were carried out 
with welded and riveted trusses. They* were put, as 
described in one of the preceding parts, on a pulsator 
shown in Figs. 5 and 7 and provided with a special 
arrangement to produce static loads of variable intensity; 
on this static load cyclic loads, also of increasing inten- 
sity, were superimposed with a frequency of 1750 cycles 
per minute. This arrangement is schematically shown 
in Fig. 75. Through an eccentric a and a connecting rod 
b a piston c is moved up and down diminishing or in- 
creasing the deflection of helicoidal springs d stressed in 
compression between the piston ¢c and an upper and 
lower loading transverse e and f. These two transverses 
are connected with two cylindrical rods g-g’, transmitting 
the loads from the lower to the upper disk from which 
they are carried by a bolt / to the truss 7 under fatigue 
loads. A stiff horizontal channel j, fixed in the upper 
part of the cylinder & of the pulsator, supports the truss 
on rollers /. With 4 strong helicoidal springs m-m of 
about 3000 lb. maximum each, the static loads are applied 
to these trusses. By this arrangement (see also Fig. 
75 (a)) a maximum static load of about 12,000 Ib. can 
be applied and by means of the pulsator an additional 
cyclic load of maximum 3000 Ib. can be added, so that 
the cyclic loads alternate between 12,000 and 15,000 Ib. 
about 1750 times per minute. Later on, two more 
springs were added so that the static load could be 
increased up to about 18,000 Ib. 

The welded truss was at first loaded with a static load of 
7500 lb. and a superimposed dynamic cyclic load of about 
1000 Ib.; after 729,000 cycles no relevant changes had 
taken place in this truss. Even at a higher load, of maxi- 
mum 9800 Ib. and 1,035,000 cycles, no appearance of any 
trace of a crack, even in the highest stressed section, ap- 
peared. After another increase of the static load to 
about 10,600 Ib. and an additional cyclic load of 2800 Ib., 
repeated 1,114,000 times no cracks developed in or near 
the connections of this truss. The total deflection of the 
structure under these loads was checked and was found 
in close accord with the load deflection diagram, as shown 
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in Fig. 66. At this point the fatigue tests with the 
welded truss had to be interrupted, as it failed in a mem- 
ber other than the one in which failure was expected. 
While the tension tie B—E did not show any distinct 
changes, the upper chord member A~—B failed by buck- 
ling. After having remedied this defect the cyclic fatigue 
tests were continued with the welded truss. On static 
loads as high as 18,000 lb. a dynamic load of +2800 Ib. 
was applied about 1,800,000 times and no changes or 
any crack in this truss could be detected. 
test the truss was, except for some small permanent 
deflection, completely intact. 

The tests with the riveted truss were made in conformity 
with the cyclic loading of the welded truss. At 10,130 Ib. 
the riveted truss supported 672,000 cycles without de- 
fect; likewise at 12,600 lb. load, including a pulsating 
load of maximum 2800 Ib., the cycles were repeated 
1,300,000 times; no failure of this truss took place. 
After having made the necessary changes to prevent 
buckling of the compressed members, these tests were re- 
sumed with still higher tension up to 18,000 Ib. under 
pulsating loads of 2800 1b. and the result was the same as 
with the welded truss. Further tests on this point may 
give additional valuable information concerning the be- 
havior of the connections in these two trusses. Con- 
trary to what might have been assumed, much higher 
loads seem to be necessary to bring these trusses to failure 
in the tension members at least at room temperatures. 
For these purposes a new and more powerful pulsator 
with a static capacity of 15,000 to 20,000 lb. and an ad- 
ditional dynamic loading capacity of +10,000 Ib. is 
under construction and the first test with this machine 
will take place in the near future. 

By the results already obtained it is very surprising to 
note that the riveted as well as the welded trusses with- 
stood these high fatigue loads without any visible dam- 
age. It must be said that average fatigue stresses, as 
calculated under the above maximum applied loads and 
representing unit stresses of over 40,000 psi. which, as we 
have seen by the static test results, may even locally at- 
tain much higher values, are already extremely interest- 
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Table 7—Charpy-Impact Test Specimen with Increasing Width; Depth of V-Notch, 0.079 In. 


ing, as the trusses did not fail in their connections under 
these cyclic loading conditions. 

(e) Fatigue Tests of Trusses in Sub-Zero Temperaiure of 
—70° C.—Whenever the above test results are already 
very instructive and give some valuable information 
about these structures under cyclic loads, it seems that 
most basic results about the relative behavior of welded 
and riveted trusses can be expected by testing these 
structures in sub-zero temperatures under cyclic fatigue 
loads. In an analogous way as the investigations have 
been made with test specimens under impact or fatigue 
loads in sub-zero temperatures, revealing some funda- 
mental points, an investigation of this kind with welded 
and riveted trusses which, without any doubt, is of 
highest technical interest has been carried out. Any 
special difficulties regarding the technique of these tests 
have not been encountered. The whole truss with its 
base plates have been simply placed in an isolated ree- 
tangular reservoir of about '/, ft. width, about 3 ft. length 


Fig. 77—Fractures of Charpy Specimens of Different Widths 


Energy abserbed ft.lbs. 
width of Reom Temperature Sub-sere Temperature -70°C 
Ro. |Material | specinen Tnereace 
ims | Average | Thooret.£| | | 
1 Normal 110 3.0 3.288 
0.394 104 107 3.8 
steel | 0.768 18s 100 0.99 7.00 | 
A 
5 177 10.0 
1.125 185.5 80 186 0.43 | 28-00 238 | 1.27 
0.394 7 68.8 4.00 
3 Steel 80 9.5 
0.788 92.5 35 100 0.35 | 20688 ise | 1.56 
5 1.125 118 12.8 
109 58 186 0.32 | 26-98 265 | 1.42 
2 0.394 50.5 $2 5.88 
0.788 66 29 100 0.89 10.80 100 } 1.0 
5 93.0 92 13.0 
1.125 wr 80 196 0.43 | 28-00 a2 | 1.4 
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and | » ft. high Fig. 76. By using methyl alcohol and 
dry icc the temperature of —70° C. could easily be at- 
tained and maintained by adding regularly small quan- 
tities of dry ice during the fatigue tests. Under these 
most severe testing conditions and with regard to the 
poor luctility properties of steel in these extremely low 
temperatures, very revealing and probably surprising 
results maay be obtained during these tests which are at 
the closure of this text not yet concluded. 


G. Impact Testing of Specimens with Variable Width 
in Room- and Sub-zero Temperatures (—70° C.) * 


Charpy impact test results in room- and sub-zero 
temperatures with specimens of increasing width, ma- 
chined out of three different mild flat steel bars are given 
in Table 7. We see from these tests that, due to the 
coefficient of Poisson, which cannot enter into action 
with specimens of double or greater width, the absorbed 
energy does not increase in the same proportion as the 
notched section of the specimens. In one case, an in- 
crease of about 77% took place (instead of 100%), while 
in most other cases only 30 to 43% could be measured. 
This means that the impact resistance is not increasing in 
the same proportion as the section of the specimen. 
However, these same mild steel specimens show a com- 
plete different behavior at sub-zero temperatures of 
—70° C. Besides the very low impact loads of only a 
few foot-pounds for mild steel, the proportion between 
the energy absorbed and the width of the specimen is 
maintained. In any case, the energy absorbed is lower 
than the theoretical one calculated according to the 
width of the notched section of the specimen. This 
shows that in low temperatures, the coefficient of Pois- 
son, 1.e€., a transverse contraction of the notched section, 
does not take place, and the energy absorbed is through- 
out proportional to the tested section. Furthermore, 
the fracture of the specimen tested in sub-zero temper- 
atures of —70° C. is of the. brittle type showing inter- 
granular rupture and a coarse crystalline structure 
Fig. 77. These tests are not yet concluded. They will 
be continued with welded specimens with the notch right 
in the welded material. A closer study of these already 
interesting impact results with mild steel will give some 
further aid in order to understand the factors involved 
in the brittle fracture of welded mild steel. 


VIlI—Summary and Conclusions 


Based on the results of the preceding experimental 
work, it can be said that the difficulties encountered with 
welded structures may be due partly to the conditions 
under which these welds were stressed. In accordance 
with the world technical literature, the main factors 
which emerge, having a basic influence on the prop- 
erties of welded structures are: the notching effect 
due to sharp changes in sections, insufficient ductility of 
the welded material so that the fracture under working 
conditions partakes of the brittle type, influence of sub- 
zero temperatures on the transition zones of the weld 
metal and steel, undisclosed notch brittleness by stand- 
ard specification, mechanical failure of welded structures 
under impact and cyclic loads. A research program 
which deals with all of these questions has been worked 
out, and new methods for investigating these problems 
have been elaborated. Especially, the fundamental 
problem of ductility was studied under different aspects, 
theoretical as well as practical, and new test methods 
were tried out and used under static and dynamic loads. 
Especially the notching effects on flat specimens under 
axial and eccentric loads were studied in this connection 
and comparison with unnotched specimens was made. 
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Also the effect of Bauschinger, prevailingly involved un- 
der fatigue loads has been discussed in connection with the 
problem of ductility of welded structures. The stress 
concentrations in welds with sharp notches were con- 
sidered, and by the photoelastic analysis method the con- 
centration factor k was determined as having such an un- 
expected high value that it can only be taken partly into 
account while designing these structures. Besides these 
already most influent factors, there seems to be the yield- 
ing of the steel which, though it still remains mostly an 
unexplained phenomenon, has an important bearing on 
the fracture of steel in a ductile or a brittle manner. It 
is also of importance to investigate the behavior of 
welded material when stressed under eccentric loads. 
Another stress rising moment which cannot be neg- 
lected in this connection is the effect of eccentric loads on 
the mechanism of the fracture during loading. Multi- 
axial stresses occur which have a permanent influence on 
plastic flow of the welded material in which also the co- 
efficient of Poisson intervenes during failure. The be- 
havior of structural connections has to be considered, as 
they do not work only in two main axes in a plane, but in 
three dimensions. Under usual working conditions it is 
the energy absorbing volume of the structure which en- 
ters into action so that the rigidity and stiffness of the 
structure as a whole become leading factors for further 
experimental investigations. The laws of similitude do 
not hold in this respect, and the research work has to be 
directed to test specimens and elements which are in no 
way dissimilar to the effective working masses of the 
metal. Asa last consideration, we cannot leave out sub- 
zero temperatures nor the rate of loading, two factors 
which are closely related to the failure of welded con- 
nections. In order to check only a few of the governing 
factors mentioned above, having a bearing on arc- 
welded material, it was necessary to design and try out 
new investigation methods which could furnish further 
factors for the evaluation and explanation of the be- 
havior of these joints. Static and impact tests have been 
run, these latter also in sub-zero temperatures, repre- 
senting the highest (on our globe) ever reached on record. 
Also cyclic loads with specimens of special stress patterns 
were carried out to find that slight differences in static or 
impact testing might become an important influence 
when loadings are repeated a very large number of times 
under critical test conditions, as notches, eccentric loads 
and sub-zero temperatures. In fact, under these fatigue 
testing conditions, a clear division and better classi- 
fication of the influence of different stress-increasing fac- 
tors can be gained. All these research methods have 
been greatly supported by the stress analysis method of 
photoelasticity on transparent material, the X-ray in- 
vestigation of the arc-welded plates, as well as micro and 
macro analysis of some of the welded specimens before 
and after having been tested. Furthermore, a step for- 
ward has been made by initiating a research field of ex- 
tremely high interest using small scale models for com- 
parative investigation of the behavior of trusses and 
connections, joined together by arc welding or riveting 
methods. Fundamentals about the strain and stress dis- 
tribution in the different members of these trusses, or in 
the transition zones between fillet-welded connections on 
one hand and the chord and tie members on the other 
hand are revealed by these methods. By indications of 
the stress coat method, using the crack distributions of 
brittle lacquer as a guide for finding out weak points in 
stress connections, these unique results were plainly sup- 
ported. Besides static loading, and the results of the 
numerous strain gage SR-4 indications, cyclic loads were 
superimposed on high static loads to bring these trusses 
to failure under fatigue. These typical loadings are of 
basic influence on welds under normal working conditions 


365-s 


. 
tie 
— 
- 
—— 
42 
— 


in which sub-zero temperatures also have been included. 
An examination of all specimens by X-ray before test- 
ing must be regarded as extremely useful for this kind of 
investigation; the results revealed themselves of incal- 
culable value as all specimens submitted to these special 
investigations were of the highest quality in the weld 
metal, so that no failure could be reported, which has 
taken place in the weld itself. Under static loads rec- 
tangular as well as notched specimens showed higher ten- 
sile resistance in the weld metal than in the parent metal, 
and even under eccentric loads of '/, in. no weakness in 
the weld could be observed. This means that the ductile 
properties of the weld surpass those of the parent metal 
which is generally recognized as being of high quality. 
The two types of the weld metal, one with high ductility 
(H. D) and another one with lower ductility (L. D) 
showed no very great difference in their mechanical prop- 
erties, though the L. D. weld metal proved, along the en- 
tire range of static test results, inferior to the H. D. welds. 
The same small inferiority of L. D. weld was revealed in 
the dynamic impact tension tests. On one hand the 
shape of the specimens is of very great importance and re- 
duces the absorbed energy appreciably by the notching 
effect; this already low impact enetgy is further lowered 
in an important measure when tested in low temperatures 
of —70° C. The reduction of initial impact energy in a 
notched rectangular specimen, as compared with an un- 
notched specimen of the same cross section is of the order 
of 80 to 85% and this notch sensitivity is already so great 
that the fracture takes place in a quite brittle manner, 
with practically no local or general deformations. Un- 
der these low temperatures, no slipping in the metal can 
take place and the cohesion of the metal enters into 
action. The lower ductile weld L. D. is found through- 
out this investigation to be inferior to the dynamic high- 
ductile properties of the H. D. are welds. 

Fatigue tests of special shaped test pieces revealed very 
distinct test results for the different kinds of specimens of 
which, again, the weakest stress pattern was that of the 
sharp notched specimen under eccentric loads; it with- 
stood less than 1% of the number of cycles of the rectan- 
gular axially loaded specimen. The influence of the 
stress concentration factor on the test results of the sharp 
notched specimen under eccentric loads is so excessive 
that check tests with transparent bakelite test pieces, 
analyzed by the photoelastic method, revealed a very 
high factor k, which has been found superior to the values 
found by other investigations of this kind. 


Also a metallographic analysis of the micro-structure 
of the H. D. and L. D. welds was of special interest with 
regard to the heat-affected transition zone which deserves 
a very careful inspection. 


The most valuable and promising test results have 
been obtained under static and fatigue stresses produced 
by alternating cyclic loads. Both structures, surpris- 
ingly, revealed under static loads the same average of 
stresses and deflections in the neighborhood of the con- 
nections, regardless of whether riveted or welded joints 
were used; the elasticity of the riveted truss, however, 
can be regarded, on this small scale model, as being su- 
perior to the welded truss which is stiff and rigid. The 
welded truss, surprisingly, shows less high locked-up 
stresses than may be expected as a result of the welding 
process. Asa whole, though, the behavior of the welded 
structure seems to be more favorable than the riveted 
structure. Weak zones, existing in the neighborhood of 
the end connection, as revealed by the strain gages, were 
confirmed in their main points by the brittle lacquer 
method. Also under cyclic loads superimposed to fairly 
high static loads, these trusses function Without failure. 
The connections remained unchanged and under unit 
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stresses of over 40,000 psi. no indication of any defect 
could be traced. 

These investigations are still carried on and sever, 
test series, such as the fatigue tests of welded specimens jp 
sub-zero temperatures, the impact bending tesis wit) 
welded material in low temperatures, as well as the jp. 
vestigation of trusses under cyclic loads in tempera tures o; 
—70° C., have to be pursued before concluding this r 
search work. Especially, fatigue stresses and sul-zer 
temperatures seem to be the most critical points whic) 
can give some further valuable explanation for the ¢ 
treme weakness of mild steel in structures as experience) 
with cargo ships and bridges. As soon as these resy}t 
are available, final conclusions can be drawn from they 

investigations. Anyway, it is already clear that the ar 
weld itself is not involved directly in these failures: thy 
base metal is the weakest material in arc-welded jOints 

In which amount this weakness of the base metal is jy 

fluenced by the high temperatures of the welding proces 
is not yet quite clear. As on one hand steel does not find 
its utmost application without the welding process and 
as, on the other hand, the arc-welding process cannot 
find its highest efficiency without being applicable to 
steel, it is clear that these problems have to be solved on 
a mutual understanding between the steel as well as the 
welding metallurgists. 
The investigation here described, using new testing 
methods for studying the mechanical properties of high 
ductile (H. D.) and low ductile (L. D.) welds, may be re- 
garded as a contribution to the problems of the behavior 
of arc-welded and riveted joints under practical working 
conditions. Despite the extraordinarily high unit 
stresses taking place locally as well as over larger sec 
tions, no failures whatsoever developed in the weld 
metal. The high ductile and low ductile arc welds 
showed no principal difference in their behavior in this 
respect, so that, even under the extremely sharp loading 
and testing conditions, in no case did a failure, that 
might have had some relation to the deposited weld 
metal, occur if the weld was sound. This means that a 
mechanical weakness of any kind cannot be found in 
these arc-welded connections. The failure always took 
place far outside the weld, so that there remains only the 
heat-affected and adjacent zones which might enter into 
account if failure of welds are discussed. But here again 
we do not yet know the exact percentage of difference in 
weakness or strength with regard to the base metal and 
the weld metal. If there is only a low percent difference 
in the breaking strength of these two adjacent zones then 
a special treatment of this zone does not seem even to be 
necessary for final solution of these problems. As in a 
chain that link breaks, which has, if all members are 
sound and have no special defects, an ultimate strength 
only an infinitely small amount lower than that of the 
average members of the chain. In an analogous way, in 
a welded connection one of the three principal parts 
welded metal, heat-affected zone, base metal—must 
finally fail under increasing loads. It has been, how- 
ever, sufficiently proved by the results of this investi- 
gation that it is by no means the weld metal itself which 
can be charged to be the weakest point in this combi- 
nation. On the contrary, it is the strongest part of a 
joint of this type and no failure occurred in the weld it- 
self loaded under the above extremely sharp testing con- 
ditions. This means that the evil has to be looked for 
elsewhere, that is, outside of the weld itself, which, on 
this count, is completely above reproach. This is « 
fundamental statement with regard to the orientation 
for further investigations. The weld itself has proved 
its absolute reliability in its mechanical properties under 
the most severe working conditions, such as the sharpes! 
possible stress concentration at one point combined with 
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excessive eccentric loads, extremely low temperatures, 
impact loads and rapidly changing cyclic fatigue stresses. 
c, there does not seem to be any need whatsoever for 
conditioning of the arc-welded joints. As the result of 
careful workmanship and if necessary with the helpful 
and intelligent use of X-ray inspection, the arc welds rep- 
resent a quite perfect and safe joining process. So it 
seems as if any other additional testing method as pre- 
scribed by a great number of various specifications are 
needless. After the arc welds have successfully passed 
the above-described systematical scientific torture, they 
have proved without any doubt that they are always 
stronger than the parent metal. It would finally mean 
“bring owls to Athens’? to increase still more the 
already long list of qualifying specifications which have 
practically nothing to do with the weld itself. _ These 
prescriptions cannot improve a situation which, indeed, 
no longer needs any improvement. More specifications 
would mean spend more work and money in a direction 
where nothing can be improved. Specifications which 
are overdone would not help to improve the properties of 
the arc welds; they would rather mean a superfluous 
work which cannot give any positive results. To check 
the quality of the welds by means of X-rays in order to 
avoid defects which may occur regularly, will, however, 
be desirable. Radiographs taken from time to time in 
difficult high-stressed welds accompanied by occasionally 
mechanical testing would be all that is needed to have an 
effective survey over the outstanding quality of work- 
manship necessary to produce arc welds of very high 
grade. 

What we need to find out is the amount of difference in 
strength which always shows the parent metal or heat- 
aflected zone to be weaker than the arc weld, especially 
if we have to deal with joints of larger sections. If this 
difference, with regard to fatigue loads, stress concen- 
tration and low temperatures, for instance, is not very 
far from a 1 : 1| ratio, the weld being always superior, 
then we need not worry about this point. If, however, 
the weld is an appreciable amount stronger than the ad- 
jacent zone, then it will be worth while to improve the 
weaker parts from the mechanical point of view until 
they reach the still unmatched properties of the arc weld 
itself. If this step is once achieved, then it would be in- 
cumbent upon the arc-welding manufacturing process to 
strive for further improvement. 

The progress of the arc-welding process before and 
during the war has been tremendous and it has without 
any doubt surpassed in this respect any other manufac- 
turing process. The hundred millions of successful arc 
welds made during the existence of this process have 
proved the reliability of joining steel elements by arc 
and electrodes. The above results are another contri- 
bution to and a confirmation of the already long and out- 
standing list of successes of this particular joining process 
without which modern industry could not attain its 
highest degree of efficiency in structures of any kind. 


General Considerations 


In general it can be said that if we have a joint in which 
the weld is at least equal or even superior in its mechani- 
cal properties to the parent metal, we then have a perfect 
weld which does not need any improvement. As we 
have seen, this has been achieved without exception in 
the welded joints of mild steel which have been investi- 
gated in the most rigorous manner during this investi- 
gation. However, for high-carbon content (C = 0.25% 
and higher) or alloy steels this situation may not be as 
favorable and it might be desirable to go through the 
same investigation with the most typical tests of this kind 
in order to find out if there can be detected any weak 
point in these high-resistant steel connections. This 


may be especially true with regard to the notch sensi- 
tivity, unsufficient ductility, brittleness in low temper- 
atures, fatigue resistance, etc., so that the high-resistant 
steels can eventually not be used up completely to the 
range of their effective capacity or strength properties. 
Based on earlier results, however, it may be said that un- 
der static loads there do not seem to be particularly in- 
sufficient properties which may weaken the welded high 

resistant steels in an unacceptable way. But under im- 
pact and repeated loads, that is, under fatigue stresses, 
we are not quite sure of the final superiority im the re- 
sistance of the weld, in comparison to the high-resistant 
parent metal. Metallurgical defects in the weld as holes, 
pin or worm holes, inclusions, cracks, etc., may have a 
quite different influence on the endurance limit of these 
steels which may even be lower than that one of the more 
ductile and tough low-carbon steels. Under fatigue 
tests it is always understood that specimens are subject 
to a cycle of stresses either in tension or in compression or 
to reversed cycles of stresses as alternating tension and 
compression stresses. The rotating bending test method 
is not considered in this investigation because with this 
method only the utmost outside fibers of the specimens 
-an be investigated. It is practically a pure skin effect of 
the tested material rather than its reaction to cyclic 
stresses applied through the whole volume of the speci 

men within a given gage length. 

Under the cyclic loading of the volume in tension and 
compression, the weld metal is not always superior to the 
parent metal and their ultimate number of stresses is 
sometimes in a reversed proportion with the ductility of 
the’ steels. Especially under low temperatures we are 
not yet sufficiently informed about the fatigue failure 
under alternating tension and compression loads. An 
investigation about these higher resistant steels according 
to the above elaborated research program for mild steel 
could greatly clarify this situation and could give the 
necessary hints to find the limitations, if any, of the use 
of high-resistant and alloy steels for arc-welded joints. 

Furthermore, another point which seems of paramount 
importance is the dimensions of the welded specimens 
used for this work. The investigation concerning the 
mechanical resistance of massive sections of heavy struc 
tures not too far apart from the average dimensions em- 
ployed in practice is a quite urgent problem which ought 
to be studied in the near future. In carrying out such a 
comprehensive investigation, it must, however, be kept 
in mind that the financial difficulties which have to be 
overcome carr hardly be stressed enough. 


IX—-New Propositions and Further Investigations on 
Arc-Welded Joints 


In this investigation, the stiffness and the monolythic 
character of welded in comparison to riveted structures 
have been mentioned. In fact, the welded structures 
seem to be somewhat more rigid and stiff than the riveted 
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structure showing somewhat higher elastic deflection and 
in this connection it may be of interest to know how this 
rigidity may be reduced or completely avoided. We 
know that the welded connections by their nature are, 
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prevailingly, in their plane of bending, especially rigid as 
indicated in welded connections of trusses for instance or 


in longitudinal joints as those of steel ship bodies. If the 


members which are connected to these rigid joints are 
equally stiff and rigid, there then exist in the immediate 
surrounding of the connection itself a transition section, 
having over a very small length only, in which the high- 
est bending stresses are acting, an unreasonably small 
volume. In these sections fatigue stresses are practically 
unavoidable due to the elastic deformation of the whole 
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structure put under repeated loads and fully reported to 
these transition zones. However, if the members con- 
necting the very stiff and rigid joints ABCDE are very 
flexible among each other and, if necessary, sufficiently 
ductile and tough so that they can flow in a plastic man- 
ner over the most exposed points of these sections where 
the ultimate bending or tension stresses are acting, then 
any failure will be out of question. The necessary re- 
adjustment of the connection joints between each other 
and the load-carrying transmission members can more 
easily take place without any harmful effect for the whole 
structure. 

If the rigidity of the welded structures attains such a 
point that it may be compared to a structure built in 
glass, to illustrate an extreme degree of stiffness, even 
then without a direct relation to the chosen sections and 
due to the massive joints, with such brittle members a 
failure may occur earlier than with smaller, more elastic 
and flexible structural members. Two rigid members of 
a structure can be successfully joined together by using 
extremely flexible connection members. So that, for 
instance, two or more brittle glass bars can easily be 
joined together without any danger of fracture by using 
elastic rubber connections. In the same way ductile or 
even notch sensitive steels with little plastic flow could be 
connected by the welding process to the very stiff and un- 
elastic joints if highly flexible connection parts are used 


WELDING RESEARCH SUPPLEMENT 


between the stiff members and the joints. Such a join, 
can absorb all the necessary local permanent defor:natioy 
without losing its high-grade mechanical properties a, 
fatigue and impact resistance (scheme Zz). One cay 
figure out the use of transition members of highes 
possible ductility able to absorb plastic deformation: 
without any reduction of their fatigue properties unde, 
repeated cyclic loads between the rigid welded joints 
and the equally rigid steel tie. So, for instance, a king 
of Monel metal plates with their extraordinary high 
ductility and fatigue resistance properties used in the 
joints could already improve this situation greatly. |) 
stiff welded ship bodies, also, this kind of high ductile 
and plastic joints could change appreciably the mono. 
lythic character in the sense of a reduction of the danger. 
ous stiffness of these bodies. In other words, the welded 
structure might be made to yield similar to mild stee| 
if locally overstressed. If, due to the monolythic 
character of these structures single parts are locally 


overloaded, the spots of high ductility can then enter 
in action and by a small local plastic flow, they can 
rearrange the stresses in the whole body in a more 
equally distributed way, levelling off spots of exception- 
ally high overstresses. A solution to the problem to 
reduce the stiffness and the monolythic character of 
heavy structures may also be possible in another way. 
For instance, in the truss structure used for this investi- 
gation, mostly exposed by repeated loading to elastic 
deflections of the whole body under cyclic loads, the 
moment of inertia in the ties can be reduced in the 
acting plane of these forces. A plastic torsion of this 
element of about 90° at both ends could release the ri- 
gidity of the truss at least in this element and could at the 
same time give more elasticity to neighboring members 
(see scheme a). It seems, at any rate, that as we become 
aware of the detrimental influence which rigidity and 
monolythic character have on the resistance of welded 
structures, a satisfactory solution for this problem may 
also be found. 

By analyzing the stress flow of welded and riveted 
connections it becomes clear that in welded joints the 
metal volume through which the stresses flow from one 
element to the other is increased by the fillets or the beads 
of the welds. The flow of stresses is in this case regular 
and takes place especially along the weld metal deposit 
(see schemes y and 6). In riveted joints, however, 
the elements which have to be connected are materially 
weakened in their cross section by the unavoidable rivet 
holes and it is evident that the stresses become more co!i- 
centrated in these weakened sections. In general in the 
riveted joints, stresses are increased while in the welded 
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joints a stress reduction per square inch takes place so 
that (here are always higher stresses in riveted elements 
than in welded sections of the same type (see scheme 
.). There is no remedy against this situation which is in- 
timatcly connected with the nature of the rivet joints of 
anv kind. 

The friction between the elements of riveted joints is 
normally not taken into consideration because tests have 
shown that slipping may occur at ordinary working 
stresses (see Bulletin 49, Engineering Experimental 
Station, University of Illinois). This means that the full 
load transmitted in a structure from one element to the 
next one passes practically in its full measure through 
the rivets which are stressed under shearing loads. 
There does not seem to be any streamlined flow of the 
stresses between two elements connected by rivets. The 
stresses are sharply interrupted at the rivet hole of the 
flat element (see scheme e); the rivet is stressed in its 
shearing section to a maximum by transmitting the loads 
from one side of the upper half cylinder of the rivet to the 
other side of the lower part of its half cylinder directed in 
the opposite sense; from here they are transmitted to the 
second flat element (see scheme ¢). It is evident that 
under these conditions any streamlined flow of the fibers 
in these elements cannot take place as this is the case for 
welded structures (see schemes y and 6). Furthermore, 
it is easy to understand that under fatigue loads, es- 
pecially if reverse stresses enter into acticn, the riveted 
connection representing simply mechanically joined 
elements, cannot, without getting loose, stand at length 
as well as welded structures. These latter represent a 
most intimate atomic connection between the different 
elements which are joined together by the welding 
process. 


X—Remarks of the Author 


1. Most of the results of this investigation, repre- 
senting a small contribution to the vast field of arc weld- 
ing, are based on one specimen only and not, as in the 
usual laboratory practice, on the average of at least two 
tests. 

In this particular case, it seems that an exceptional 
procedure of this kind gives conclusive results; prelimi- 
nary dynamic tests which were repeated with two to four 
different specimens showed very consistent results in this 
respect. Furthermore, the results of a series of tests 
carried out for instance in room temperature can be 
checked by other series tested under similar conditions; 
for instance H. D. and L. D. welds or those tested in room 
temperature can be compared with those tested in — 20° 
C. and showing values which do not differ very much 
from each other. Two results of each test means twice 
as much work to carry out. This was unbearable in this 
case as no special funds were available for this fundamen- 
tal investigation. 

2. The tests with mild steel of welded fairly thin 
plates are generally accepted as very resistant and fail- 
ures occur seldom in the welded material. But what 
about welded high-resistant carbon and alloy steels 
which probably do not show the same satisfactory re- 
sults? 

In this case the base of new testing methods has been 
set down to submit these welds to stress concentrations of 
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the highest possible amount and this under different 
types of loading as static, impact, fatigue as well as under 
the influence of factors affecting greatly the resistance of 
the different types of steels as, for instance, sub-zero tem 
peratures. It was not possible to run this investigation 
simultaneously with different types of arc-welded steels. 
In the very wide field of fundamental investigation of 
this type we have to start with one kind of welded speci- 
men. The most commonly used kind of steel, giving 
some trouble in structures, has been chosen. It is 
similar to the one used for welded ship structures which 
failed in such a surprising manner. It is evident that 
these test results are not applicable to high resistant or 
alloy steels which might behave in a quite different 
manner. To get some information about this point, 
similar tests to those described in this investigation 
should be carried out with arc-welded high resistant steels 
used in modern constructions. 

3. The small truss models do not give any conclusive 
test results about the behavior of structures of natural 
size. 

Sufficient restrictions have been made in the original 
text about this point. These models can only be re- 
garded as a kind of tensile- or fatigue-test specimens for 
investigating welded joints adjusted into a frame work in 
order to compare them with riveted joints, provided that 
both are tested under the same conditions. They repre- 
sent no more than a kind of laboratory test of the welded 
or riveted ties under special loading conditions, imitating 
in a very loose manner those which take place in struc- 
tures of greater size. From the material testing and the 
strength of metals point of view hardly any objections 
can be made as it is desirable to carry out laboratory tests 
under conditions imitating, as far as possible, the loading 
conditions encountered in practice. Nobody can con- 
fine any material testing laboratory to standard speci- 
mens and standard loading conditions for its investiga- 
tions. In research work of this type progress lies in the 
direction of testing complete elements under loading con- 
ditions which represent as much as possible the reality 

On the other hand, however, from the point of view of 
bigger structures, it can be agreed that the results of 
these models should not be regarded as conclusive. The 
results obtained with these models cannot in practice be 
relied upon for the investigation of the effective behavior 
of the elements of larger structures. Small scale models 
cannot give any far reaching results in this respect. If, 
however, very heavy structures of natural size or '/» to 
'/; reduced natural size models have to be studied, an 
economic question, which can hardly be solved from the 
point of view of a research carried out in a University 
laboratory then originates. This kind of experiment can 
be made on structures built for industrial use and cannot 
be compared with any kind of laboratory work as carried 
out during this investigation. 
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State of Stress in 


Summary 


HE purpose of this investigation was to determine 
the state of stress in arc welds made under various 


conditions of transverse restraint. The conditions 
of restraint were chosen just below the values which 
would produce longitudinal cracking in the first pass weld 
metal. The state of stress resulting from these conditions 
of restraint has been designated as the cracking limit or 
threshold of cracking. A number of comparisons were 
made to indicate the significance of plate thickness, joint 
geometry and type of electrode. 


Introduction 


Previous work in this field indicated that the degree 
of restraint could be varied to produce or avoid longitu- 
dinal cracking in the first pass of deposited weld metal. 
The primary purpose of this investigation was to deter- 
mine the magnitude of stresses produced in the weld 
metal and plate metal when cracking was just avoided. 
The conditions of restraint were adjusted by various 
methods until further restraint would result in longitu- 
dinal cracking of the first pass weld metal. The state of 
stress which just avoided cracking has been designated as 
the cracking limit or the threshold of cracking. The ef- 
fect of joint geometry, plate thickness and type of elec- 
trode were investigated. 

A backing strip was used as an effective means of avoid- 
ing lack of fusion at the root section. Notches resulting 
from lack of fusion at the root section produce stress 
concentrations which increase the cracking tendency. 
Proper balance of the root face and root opening with 
respect to the energy input was necessary to improve root 
fusion when no backing strip was employed. 

Test specimens were welded to a rigid fixture to pro- 
duce restraint. Changes in the restraining distance, weld 
length and plate thickness were employed to vary the 
degree of restraint in order to determine the cracking 
limit. The transverse distance between the test weld 


and the restraining weld was defined as the restraining 
distance. 


Material 


The plate material used in this investigation was 
A.S.T.M. A131-39 Structural Steel for Ships, whose 
composition and mechanical properties were as follows. 


Composition: C, 0.19%; Mn, 0.41%; P, 0.019%; 
S, 0.045%; Si, 0.08%; Ni, 0.04%; Cr, 0.02%. Me- 


chanical Properties: yield strength, 37,400 psi.; tensile 
strength, 63,950 psi.; elongation, 29.3% (in 8in.). 


* Welding Laboratory, Rensselaer Polytechnic Institute, Troy N. Y., 
April 1948. 


Under Transverse Restraint 


By Ernest F. Nippes* and Warren F. Savage* 
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Arc Welds Made 


Three types of electrode supplied by the Metal ang 
Thermit Corp. were employed in this investigation. Ta. 
ble 1 lists the various types of electrode, together with 
their operating conditions. 


Table | 
Size, Electrode Arc Current Range, 
Electrode Class In. Polarity Voltage Amp. 
Murex F E6020 3/16 30 180-285 
Vertex E6010 3/16 — 27 150-220) 
Genex E6012 3/16 = 24 150-230 


Welding Equipment 


To insure precise control of welding variables, welds 
were made with automatic equipment whenever pos- 
sible. A General Electric Model 6WFH-2A8 automatic 
arc-welding head, mounted on a Model 6WTA-3B1 auto- 
matic arc-welding travel carriage, was adapted for auto- 
matic feed of standard 14-in. welding electrode. Cur- 
rent for welding was supplied by a Lincoln 600-amp., 
Type S.A.E., motor-generator set. 

An Esterline-Angus Model AW Graphic Wattmeter, 
serial 28793, was used to record the arc power. Average 
arc-travel speed was determined by means of a chrono- 
graph pen attached to the graphic wattmeter. A follower 
on the arm of a microswitch attached to the travel car- 
riage actuated the chronograph pen at the beginning and 
end of a measured distance. Panel meters were used to 
obtain average values of arc current and voltage. 


Restraining Fixture 


Figure 1 shows the details of construction of the re- 
straining fixture used in this investigation. A 24- x 24 
in. top plate was fabricated by welding two 12- x 24- x 
1'/,-in. plates as indicated in the cross section. Seven 
51/o- x 24- x 1-in. stiffener plates were welded to the bot 
tom of the top plate in the manner shown. Two 2- x 6- x 
24-in. blocks were securely welded to the top of the top 
plate as shown in Fig. 1. A set of test plates is shown 
welded to these blocks on the top of the fixture. With thc 
test plates mounted in this manner, the cooling of the 
weld was not influenced by contact with the fixture and 
the attaching of strain gages on the bottom surface of t! 
plates was made possible. 

Since the test plates tended to draw away from the flat 
surfaces of the restraining fixture when the restraining 
welds were made, a clamping fixture was constructed '0 
minimize this difficulty. 
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Fig. 1 


< 
~ 
Procedure 


Welding 


Three joint geometries were used in making welds for 
this investigation : 

1. 40° included angle, °/,.-in. root opening, */).-in. 
backing strip. 

2. 40° included angle, °/j-in. root opening, 
backing strip. 

3. 60° included angle, '/s-in. root opening, '/s-in. root 

face, without backing strip. 


1/,-in. 


The dimensions employed in the three joint geometries 
were found to be suitable for 52,000 joules per inch aver- 
age energy input. The '/,-in. backing strip was used with 
the E6010 class electrode to prevent overheating of the 
backing strip and subsequent undercutting. The geome- 
try without a backing strip was used to determine the 
contribution of the backing strip in reducing the crack 
sensitivity. 

When no backing strip was used, the first pass was de- 
posited manually in order to insure proper root fusion and 
to prevent burning through. With these manual welds, 
a rod attached to the automatic welding head was placed 
in motion close to the work so that the welding operator 
could maintain a definite travel speed. Arc voltage and 
are wattage were constantly checked as was done with 
automatic operation to insure the proper value of energy 
input. 

The cracking limit was determined by making a series 
of welds differing only in restraining distance. Since the 
degree of restraint is inversely proportional to the re- 
straining distance, the shortest restraining distance 
which produced no cracking under the given set of con- 
ditions was chosen for the cracking limit measurements. 
lf a 3-in. restraining distance, the minimum possible 
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with the fixture, did not produce cracking, the degree of 
restraint was altered by changing other variables. In 
this case, plate thickness or weld length was changed, and 
another attempt made at determining the cracking limit. 
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Fig. 3—Photomacrograph of Weld Made at the Cracking 
Limit in '/,-In. Ship Plate ~~ E6020 Electrode, 54,200 Joules /- 
ox 


When the cracking limit had been determined, two 
sets of test specimens were prepared for stress measure- 
ments. In one set, only the first pass was deposited; 
and, in the other, the groove was completely filled. 


Strain Measurement 


Strains were measured by means of Baldwin-South- 
wark SR4 electric resistance strain gages. Type A5 
gages, effective gage length '/, in., were used on the top 
and bottom surface of the plate metal 1 in. from the cen- 
ter line of the weld. Type A8, with a '/;-in. gage length, 
was used to measure transverse strains on the surface of 
first pass weld metal. Type Al2, because of its !/;-in. 
gage width, was used to measure corresponding longitu- 
dinal strains in the weld groove. Figure 2 shows the 
relative positions in which strain gages were attached. 

The surface of the metal was ground at the positions 
where strain gages were to be attached. These positions 
were then cleaned with 00 emery cloth and degreased 
with carbon tetrachloride. A cement prepared by dis- 
solving 20 gm. of celluloid in 13 fluid ounces of ethyl ace- 
tate was applied to the cleaned surfaces and the gages 
placed in position. A '/,-Ib. weight was placed on each 
gage for '/, hr. to insure complete bonding between gage 
and plate surface. An infrared lamp, positioned so that 
the plate temperature did not exceed 150° F., was em- 
ployed to reduce the drying time to 2 hr. The gages 
were sealed with ceresin wax to prevent damage by 
coolants during subsequent subdividing operations. 

‘After initial strain readings were obtained, the plates 
were released from the restraining fixture by an oxyacety- 
lene gouging torch. During this operation the plates and 
gages were packed in ice to protect them from overheat- 
ing. After the plates had attained room temperature, a 
second set of strain measurements was made. 

Two longitudinal cuts were made with a water-cooled 
abrasive cutting machine to separate the weld deposit 
from the plate. A water-cooled power hacksaw was em- 
ployed to cut two small blocks, each containing a gage, 
from this strip of weld metal. Similar methods were used 
to isolate the gages cemented to the plate material. In 


Fig. 4—Photomacrograph of Cracked Weld Resulting from 
Too Much Restraint in '/,-In. Ship Plate with E6020 Electrode, 
55,400 Joules/In. 3 X 
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Fig. 5—-Photomacrograph of Typical Weld Made in 
Ship Plate with E6020 Electrode, 51,100 Joules/In. 


-In, 


order to secure the maximum practical degree of relaxa- 
tion, the amount of marginal material surrounding th 
gages was limited to '/, in. Following subdivision a 
third set of strain measurements was made. 

Stresses were calculated from the strain changes by 
the standard equations: 


E 
(eg + ey) 
E 
1 (ey + yer) 
where : 
o;,0, = stresses in the x and y directions, respectively 
€é,,€, = strains in the x and y directions, respectively 
E = Young’s Modulus of Elasticity, 29,000,000 
psi. 
y = Poisson’s Ratio, 0.29 


These calculations were facilitated by use of an appro- 
priate graphical solution. Fortunately, principal stresses 
at the weld center line were found to be essentially par 
allel and perpendicular to the weld. 


Results and Discussion 


Cracking limits for first pass welds made at approxi 
mately 52,000 joules per inch were determined for the 
following conditions: 


1. 6-in. weld, E6020 class electrode deposited in */,-in 
plate with a */,.-in. backing strip. 

2. 12-in. weld, E6020 class electrode deposited in '/»- 
in. plate with a */,s-in. backing strip. 


Fig. 6—Photomacrograph of Weld Made at the Cracking Limit 
in '/;-In. Ship Plate with E6020 Electrode, '/;-In. Root Opening, 
1/.-In. Root Face, 51,100 Joules/In. 3 X 
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9 |2-in. weld, E6020 class electrode deposited in * 

in. plate without a backing strip. 

4. |2-in. weld, E6010 class electrode deposited in '/2- 

in. plate with a '/,-in. backing strip. 

The cracking limit for the E6012 class electrode was 
not determined since welds made with this electrode 
exhibited no cracks even in 1-in. plate with a 3-in. re- 
straining distance and a 12-in. weld length. 


The Erect of Shape of Deposit 


The relative cracking tendency has been shown in this 
investigation to be correlated with the shape of deposit 
in the manner summarized in Table 2. 


Table 2—The Effect of Deposit on the Cracking 
Tendency of Different Electrodes 


Electrode Shape of _ Relative Cracking 
Class Deposit Tendency 
E6020 Concave Most 
E6010 Flat Intermediate 
E6012 Convex Least 


Stress Measurements 


Three types of stresses were tabulated: restraint, resid- 
ual and total. The difference in stress observed on 
removal of the welded plate from the restraining fixture 
is referred to as the restraint stress. The difference in 
stress measured after subdividing this plate is denoted as 


Table 3—Stresses for First Pass and Completed Welds in 
\4-In. Ship Plate, 34¢-In. E6020 Electrodes 


7-In. Restraining Distance—6-In. ‘Weld Length—*/js-In. Root 
Opening—40° Included Angle—*/js-In. Backing Strip 


Completed Weld, 
First Pass, 2 Passes at 
54,200 J./In. 54,000 J./In. 


Restraint Stresses, Psi. 


Weld Center Line 
Transverse 57,500 41,500 
Longitudinal 15,600 2,000 
| In. from Weld Center 
Transverse: 
Top 17,100 29,000 
Bottom 30,000 11,900 
Average 23,500 20,500 
Longitudinal: 
Top — 3,300 — 5,400 
Bottom 1,600 20,000 
Average —800 7,300 


Residual Stresses, Psi. 
Weld Center Line 


Fig. 7—Photomacrograph of Typical Weld Made in '/)-In. Ship 
Plate with E6010 Electrode, '/,-In. Backing Strip, 50,500 Joules /- 
In. 3X 


residual stress. The algebraic total of restraint and resid- 
ual stress is termed fofal stress. 

Stress data at the cracking limit both for first pass 
welds and for completed welds, made under the four con- 
ditions listed previously, are given in Tables 3-6. Stress 
data for duplicate first pass welds, made under conditions 
2 and 4 above, are included in Tables 4 and 6. Most of 
the stresses are in agreement; discrepancies in some of 
the minor stresses may be due to slight misalignment 


Table 4—Stresses for First Pass and Completed Welds in 
14-In. Ship Plate, 34,g-In. E6020 Electrodes 


4-In. Restraining Distance—12-In. Weld Length—®/j,.-In 
Opening—40° Included Backing Strip 


Root 


-———-First Pass, 


Duplicate Welds Completed Weld, 


51,100 51,600 7 Passes at 
J./In. J./In. 53,000 J./In. 
Restraint Stresses, Psi. 
Weld Center Line 
Transverse 55,800 58,200 32,400 
Longitudinal 27,200 29,500 16,900 
1 In. from Weld Center 
Transverse: 
Top — 10,800 — 5,800 35,600 
Bottom 44,300 42,300 16,200 
Average 16,800 18,300 25,900 
Longitudinal: 
Top 10,600 10,500 8,800 
Bottom 32,100 36,000 — 17,200 
Average 21,500 23,300 — 4,200 


Residual Stresses, Psi. 
Weld Center Line 


Transverse 8,800 4,100 Transverse 5,000 6,300 1,000 
Longitudinal 17,300 24,300 Longitudinal 10,600 14,200 23,500 
| In. from Weld Center 1 In. from Weld Center 
Transverse: Transverse: 
Top — 2,500 — 3,000 Top — 11,300 — 2,800 ~9,400 
Bottom 600 0 Bottom — 1,900 — 2,000 800 
Average — 1,000 — 1,500 Average — 6,600 — 2,400 — 4,300 
Longitudinal: Longitudinal: 
Top 4,700 1,000 Top — 11,500 —700 — 8,400 
Bottom — 2,500 — 8,100 Bottom — 17,300 — 34,100 1,000 
Average 1,100 — 3,500 Average — 14,400 — 17,400 — 3,700 
Total Stresses, Psi. Total Stresses, Psi 
Weld Center Line Weld Center Line 
l'ransverse 66,300 45,600 Transverse 60,800 64,500 33,400 
Longitudinal 32,900 26,300 Longitudinal 37,800 43,700 40,400 
Lin. from Weld Center 1 In. from Weld Center 
lransverse: Transverse: 
Average 22,500 19,000 Average 10,200 15,900 21,600 
Longitudinal : Longitudinal : 
Average 300 3,800 Average 7,100 5,900 — 7,900 
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Table 5—Stresses for First Pass and Completed Welds in 


¥4-In. Ship Plate, 34,¢-In. E6020 Electrodes 
4-In. Restraining Distance—12-In. Weld Length—"/;-In. Root 


/8- 


Opening—"/;-In. Root Face—60° Included Angle 


Completed Weld, 
First Pass, 4 Passes at 


51,100 J./In. 51,200 J./In. 
Restraint Stresses, Psi. 
Weld Center Line 
Transverse 


46,000 32,600 
Longitudinal 27,200 19,600 
1 In. from Weld Center 
Transverse: 
Top 18,200 23,400 
Bottom 33,000 20,600 
Average 25,600 22,000 
Longitudinal: 
Top 26,000 — 9,200 
Bottom 30,500 15,000 
Average 28,300 2,900 
Residual Stresses, Psi. 
Weld Center Line 
Transverse 5,700 — 7,500 
Longitudinal 15,800 20,200 
1 In. from Weld Center 
Transverse: 
Top — 2,400 10,200 
Bottom 5,000 — 4,800 
Average 1,300 2,700 
Longitudinal: 
Top — 900 16,000 
Bottom — 15,100 — 8,400 
Average — 8,000 3,800 
Total Stresses, Psi. 
Weld Center Line 
Transverse 51,700 25,100 
Longitudinal 43,000 39,800 
1 In. from Weld Center 
Transverse: 
Average 26,900 24,700 
Longitudinal: 
Average 20,300 6,700 


and buckling resulting from welding the plates to the 
restraining fixture. Steep stress gradients, found to exist 
1 in. from the weld center line, and accidental overheat- 
ing during flame-cutting operations might also contribute 
to the apparent discrepancies. The fact that the restraint 
and total stresses on the weld center line are greater for 
single pass welds than for corresponding completed welds 
may be attributed to stress concentration on the surface 
of first pass weld metal. 

Three major comparisons may be drawn for the stresses 
of first pass welds made at the cracking limit: 


1. The effect of plate thickness. 
2. The effect of joint geometry. 
3. The effect of electrode. 


1. Effect of Plate Thickness—Welds were made at 
the cracking limit with E6020 class electrode in '/,- and 
'/o-in. plate. With a °/,.-in. root opening, 40° included 
angle, and */,»-in. backing strip, the cracking limit was 
obtained in '/,-in. plate utilizing a 6-in. weld length and 
a 7-in. restraining distance. With the same joint geome- 
try in '/2-in. plate, the cracking limit was obtained utiliz- 
ing a 12-in. weld and a 4-in. restraining distance. The 
effect of plate thickness on the stresses measured is 
shown in Table 7. Typical cross sections of welds made 
in '/,-in. plate are shown in Figs. 3 and 4. The weld in 
Fig. 3 was made at the cracking limit, using a 7-in. re- 
straining distance. The increased restraint provided by a 
6°/,-in. restraining distance, resulted in the cracks shown 
in Fig. 4. A typical cross section of a weld made in '/¢- 
in. plate with E6020 class electrode is shown in Fig. 5. 

It may be observed that the transverse stresses at the 
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Table 6—Stresses for First Pass and Completed 


Welds in 


14-In. Ship Plate, 34,¢-In. E6010 Electrode First 
3'/.-In. Restraining Distance—12-In. Weld Length—‘ n. 
Opening—40° Included Angle—'/,-In. Backing Si: ip 
Duplicate Welds Completed We 1,600 
50,300 50,500 5 Passes at Geot 
J./In. J./In. 50,500 In 
Restraint Stresses, Psi. 1,100 
Weld Center Line 
Transverse 53,000 55,000 13,800 
Longitudinal 26,300 27,000 54 O00) 
1 In. from Weld Center 
Transverse: 
Top — 6,900 — 14,500 — 23,20 
Bottom — 4,300 24,400 30) 
Average — 5,600 5,000 — 11,500 ve 
Longitudinal: 
Top 12,000 2,900 — 29,500) Geom 
Bottom — 1,700 30,200 — 9,000 Geom 
Average 5,200 16,500 — 19,200 
Residual Stresses, Psi. Geom 
Weld Center Line Geon 
Transverse 9,500 girs — 6,600 
Longitudinal 15,900 11,800* 8,900 
1 In. from Weld Center 
Transverse: stres 
Top — 800 2,700 1,800 leng 
Bottom 13,000 — 1,700 300 ‘ot 
Average 6,100 500 1,000 high 
Longitudinal: rest 
Top — 15,400 — 2,300 1,300 dist: 
Bottom 500 — 26,200 1,000 stra 
Average — 7,400 — 14,200 1,100 a 
Lid 
Total Stresses, Psi. ana 
Weld Center Line wel 
Transverse 62,500 37,200) 
Longitudinal 42,200 38,800 42,901) pia 
1 In. from Weld Center ft 
Transverse: 
Average 500 5,500 — 10,500 ing 
Longitudinal: I: 
Average — 2,200 2,300 — 18,100 pla 
rise 
*Assuming transverse stress to be 8000 psi. def 
in 
an 
weld center line are nearly identical. The total longitu pr 
dinal stress at the weld center line with '/,-in. plate isap- st 
preciably less than the yield-point value found in welds th 
made in '/>-in. plate. The increased longitudinal stresses in 
found in welds in '/,-in. plate are a result of the change in m' 
Table 7—Effect of Plate Thickness on the Stresses in 
First Pass Welds Produced at the Cracking Limit in 
Ship Plate with E6020 Electrodes (Compiled from 
Tables 3 and 4) 
Root Opening—40° Included Angle—*/,-In. Backing Str 4 
1/,-In. Plate: 54,200 J./In.—6-In. Weld Length—7-In. Restraining E 
Distance 
1/,-In. Plate: 51,600 J./In.—12-In. Weld Length—4-In. Restrain E 


ing Distance 


Transverse. —— Longitudinal 
Weld 1 In. from Weld 1 In. fron 
Center Weld Center Weld 
Line Center Line Center 
Restraint Stresses. Psi. 
1/,-In. plate 57,500 23,500 15,600 — 800 
1/,-In. plate 58,200 18,300 29,500 23,300 
Residual Stresses, Psi. 
1/,-In. plate 8,800 — 1,000 17,300 1,100 
1/,-In. plate 6,300 — 2,400 14,200 — 17,400 
Total Stresses, Psi. 
1/,-In. plate 66,300 22,500 32,900 300 
1/;-In. plate 64,500 15,900 43,700 5,900 
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Table 8—Effect of Joint Geometry on the Stresses in 
First Pass Welds Produced at the Cracking Limit in 
Plate with E6020 Electrodes (Compiled from 


14-In 
. Tables 4 and 5) 
Geometry 1: 12-In. Weld Length, 4-In. Restraining Distance, 


4)° Included Angle, */is-In. Root Opening, */is-In. Backing Strip, 
51,600 J./In 

Geometry 2: 12-In. Weld Length, 4-In. Restraining Distance, 
ey? Included Angle, '/s-In. Root Opening, '/s-In. Root Face, 
51,100 J./In 


—— Longitudinal ——. 
Weld 1 In. from Weld 1 In. from 
Center Weld Center Weld 
Line Center Line Center 
Restraint Stresses, Psi. 
Geometry 1 58,200 18,300 29,500 23,300 
Geometry 2 46,000 25,600 27,200 28,300 
Residual Stresses, Psi. 
Geometry 1 6,300 — 2,400 14,200 — 17,400 
Geometry 2 5,700 1,300 15,800 — 8,000 
Total Stresses, Psi. 
Geometry 1 64,500 15,900 43,700 5,900 
| Geometry 2 51,700 26,900 43,000 20,300 


stress pattern which accompanies an increase in weld 
length, The transverse stresses in the plate material are 
higher in the '/,-in. plate, as would be expected. The 
restraint conditions (6-in. weld length, 7-in. restraining 
distance for '/,-in. plate; 12-in. weld length, 4-in. re- 
straining distance for '/,-in. plate) necessary to secure 
cracking limit measurements seem incongruous at first 
analysis. However, since the stresses established during 
welding are a result of thermal deformation, a logical ex- 
planation of the more severe restraint necessary with the 
',-in, plate may be obtained in the following manner. 

Since the same amount of heat is supplied during weld- 
ing operations in both '/,- and */2-in. plate, the thinner 
plate would obviously undergo a more severe thermal 
rise. Since the stresses created in the plate are a result of 
deformations accompanying thermal changes, the stresses 
in the plate undergoing the more severe thermal disturb- 
ance would be higher. The plate stresses being an ap- 
proximate indication of the weld stresses, the weld 
stresses in 1/,-in. plate would therefore be higher than 
the weld stresses in a '/2-in. plate with the same restrain- 
ing distance. . Therefore, a shorter restraining distance 
must be employed to reach the cracking limit of a weld in 
'/>-in. plate. 


Table 9—Effect of Electrodes on the Stresses in First 
Pass Welds Produced at the Cracking Limit in 1-In. 
Ship Plate (Compiled from Tables 4 and 6) 


40° Included Angle—*/,s-In. Root Opening—12-In. Weld Length 

£6020: */y-In. Backing Strip—4-In. Restraining Distance— 
51,600 J./In. 

E6010: 1/,-In. Backing Strip—3'/2.-In. Restraining Distance— 


50,300 J./In. 
—— Longitudinal —— 
Weld 1 In. from Weld 1 In. from 
Center Weld Center Weld 
Line Center Line Center 
Restraint Stresses, Psi. 
E6020 58,200 18,300 29,500 23,300 
E6010 53,000 — 5,600 26,300 5,200 
Residual Stresses, Psi. 
E6020 6,300 — 2,400 14,200 — 17,400 
E6010 9,500 6,100 15,900 — 7,400 
Total Stresses, Psi. 
£6020 64,500 15,900 43,700 5,900 
E6010 62,500 500 42,200 — 2,200 
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2. Effect of Joint Geometry.—Two joint geometries 
were investigated in '/2-in. plate using E6020 class elec- 
trode: Geometry 1, employing a */),-in. backing strip; 
Geometry 2, without a backing strip. Welds made with 
these geometries are shown in Figs. 5 and 6, respectively. 
In both geometries, the cracking limit occurred with a 
4-in. restraining distance. Although the weld made with 
a backing strip exhibits a thinner deposit, the additional 
reinforcement furnished by the backing strip and the ab- 
sence of root notches account for the identical restraining 
distance. When welds were made with a backing strip, 
cracking always initiated in the thinnest section at the 
top surface of the deposit, as shown previously in Fig. 4. 
Without a backing strip, cracking always initiated at 
notches resulting from lack of complete fusion at the 
root of the weld. 

The first pass cracking limit stresses for these two 
geometries are compared in Table 8. Total stresses in the 
longitudinal direction at the weld center line are of yield 
strength magnitude for both geometries. In the trans- 
verse direction, the total stress at the center line of the 
top surface of the weld made with a backing strip ap- 
proaches the ultimate strength of the deposit. When no 


Fig. 8—Photomacrograph of Weld Showing Undercutting and 

Cracking Resulting from Thin Backing Strip, in '/;-In. Ship 

Plate with E6010 Electrode, */;-In. Backing Strip, 51,000 
Joules/In. 3 X 


backing strip is used, the corresponding stress is approxi- 
mately 80% of the ultimate strength. This may be ex- 
plained, as discussed previously, by the fact that the high 
concentration of stresses occurs on the top surface of the 
weld made with a backing strip instead of at the root 
notches inherent in welds made without a backing strip. 
The higher plate stresses exhibited by Geometry 2 are to 
be expected in view of the thicker deposit. 

3. Effect of Electrode-—A comparison of the cracking 
limit stresses for E6020 and E6010 class electrode is 
shown in Table 9. With both classes of electrode the 
plate geometry consisted of '/2-in. plate, 12-in. weld 
length, 40° included angle, and */,-in. root opening. 
With the E6020 electrode a */\s-in. backing strip was em- 
ployed. However, in order to avoid burning through with 
the E6010 electrode, the backing strip was increased to 
\/,in. Figures 7 and 8 show the effect of increasing the 
thickness of the backing strip on the severity of under- 
cutting and resulting cracking. It may be observed 
from Table 9 that the transverse and longitudinal stresses 
at the weld center line are in agreement. The absurd 
transverse restraint stress 1 in. from the weld center line 
(—5600 psi.) resulted undoubtedly from accidental heat- 
ing of the gage during removal of the plate from the re 
straining fixture. 
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Table 10—Effect of Joint Geometry on the Stresses in 
Completed Welds, the First Pass Having Produced 
Stresses at the Cracking Limit (Compiled from 

Tables 4 and 5) 


1/>-In. Ship E6020 Electrode 
4-In.Restraining Distance—12-In. Weld Length 


Geometry 1: 40° Included Angle, Root Opening, 
In. Backing Strip, 7 Passes at 53,000 J./In. 

Geometry 2: 60° Included Angle, !/s-In. Root Opening, '/s-In. 
Root Face, 4 Passes at 51,200 J./In. 


Transverse -—— Longitudinal —— 
Weld 1 In. from Weld 1 In. from 
Center Weld Center Weld 
Line Center Line Center 
Restraint Stresses, Psi. 
Geometry 1 32,400 25,900 16,900 — 4,200 
Geometry 2 32,600 22,000 19,600 2,900 
Residual Stresses, Psi. 
Geometry 1 1,000 — 4,300 23,500 — 3,700 
Geometry 2 —7,500 - 2,700 20,200 3,800 
Total Stresses, Psi. 
Geometry 1 33,400 21,600 40,400 — 7,900 
Geometry 2 25,100 24,700 ° 39,800 6,700 


Stresses in Completed Welds 


Two major comparisons can be made for the stresses of 


completed welds, the first pass having produced stresses 
at the cracking limit. 


1. The effect of joint geometry. 
2. The effect of electrode. 


1. The Effect of Joint Geometry.—Table 10 shows the 
effect of joint geometry on the stresses of completed 
welds. It may be observed that all restraint stresses for 
both geometries are in agreement. With the exception of 
the longitudinal stresses at the weld center line, the resid- 
ual stresses are of small magnitude. The total longitu- 
dinal stresses at the weld center line are almost identical, 
while the total transverse stresses are larger in the case 
of the weld with the backing strip. This difference may 
be attributed to the large number of passes used to com- 
plete this weld. 

2. The Effect of Electrode——Table 11 shows the effect 
of electrode on the stresses of completed welds. It is 
evident that the greater restraint provided by the shorter 
restraining distance used with the E6010 class electrode 
has resulted in higher restraint and total transverse 
stresses. The shorter restraining distance has also pro- 
vided greater longitudinal restraint which is reflected in 
the longitudinal weld center-line stresses. A significant 
comparison of plate stresses cannot be made in this case 
because of the error introduced by accidental overheating 
of certain gages during removal of the plate from the fix- 
ture. For example, the average value of the transverse 
restraint stresses (— 11,500 psi.) for the weld made with 


E6010 class electrode is definitely in error, since tension 
would be expected. 


Conclusions 


The most important results of this investigation are 
summarized below: 

1. The transverse stresses on the surface of first pass 
welds made at the cracking limit were measured. The 
value of these stresses approached 65,000 psi., the ulti- 
mate strength of the deposited metal, when a backing 
strip was employed to avoid root notches. The above re- 


Table 11—Effect of Electrode on the Stresses in Complet,; 
Welds, the First Pass Produced at the Cracking Limi; ;, 
Ship Plate (Compiled from Tables 4 and 6) 


40° Included Angle—*/\«-In. Root Opening—12-In. Wei Lengy 

E6020: #/i6-In. Backing Strip—4-In. Restraining | 
7 Passes at 53,000 J./In. 

E6010: '/,-In. Backing Strip—3'/2-In. Restraining Distance, 
5 Passes at 50,500 J./In. 


Stancs 


—— Longitudinal! 
Weld 1 In. from Weld L In. fron 
Center Weld Center Weld 
Line Center Line Center 

Restraint Stresses, Psi. 

E6020 32,400 25,900 16,900 ~4 
E6010 43,800 — 11,500 34,000 19,26) 
Residual Stresses, Psi. 

E6020 1,000 — 4,300 23,500 3.70) 
E6010 — 6,600 1,000 8,900 1.104 

Total Stresses, Psi. 
E6020 33,400 21,600 40,400 —7.9 
E6010 37,200 — 10,500 42,900 18.10 


sults were obtained for both '/,- and '/»-in. plate thick 
nesses using either E6020 or E6010 class electrodes. 

2. In first pass welds made without a backing str 
the threshold of cracking corresponded to approximate) 
80% of the ultimate strength of the deposited metal 
This value of the cracking limit was obtained in '/,-i1 
plate using E6020 class electrode with a joint geometr 
designed to minimize root notches. 

3. The shape of the cross section of the weld deposi 
appeared to affect the cracking tendency of first pas 
welds. The concave deposit produced by the E6020 class 
electrode showed the greatest cracking tendency; th 
flat deposit from E6010 class electrode showed less tend 
ency to crack, while the convex deposit from the E601: 
class electrode had the least cracking tendency. 

4. With transverse restraint at the cracking limi 
first pass welds 12 in. long in '/2-in. plate exhibited longi 
tudinal surface stresses of approximately 40,000 psi., the 
yield strength of the deposited metal. These results 
were obtained with two joint geometries using E602! 
electrode, and an energy input of 50,000 joules per inch 
Similar results were obtained with E6010 class ele¢troc 
using the same energy input. 

5. Stresses were measured in completed welds, th 
first pass having been produced at the cracking limit 
No useful relationship was found between first pass 
cracking limit stresses and the transverse stresses of com 
pleted welds. 

6. For completed welds 12 in. long in '/2-in. plate, th 
total longitudinal stresses at the weld center line were ap 
proximately 40,000 psi., the same value found for first 
pass welds. These yield-point stresses were found for tw: 
different joint geometries, using E6020 and E6010 class 
electrodes. 
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Foreword 


This, the first Technical Report from the Ship Structure Com- 
nittee to the convening authority, the Secretary of the Treasury, 

a sequel to the Final Report of the Ship Structure Committee’s 
wzedecessor, The Board to Investigate the Design and Methods 
§ Construction of Welded Steel Merchant Vessels. 

The progress made in this postwar period is less than that of the 
var period. This is due to a decrease in the funds and personnel 
ivailable to prosecute the work. 

While considerable work has been accomplished, much remains 


» to be done before conclusive values can be established for all factors 


ontributing to the cause of ship failures. 


Rear Admiral, U.S.C.G.; Engineer-in-Chief, 


United States Coast Guard, Chairman 

james L. BATES, Managing Director, Tech. Div., U. S. Maritime 
Commission, Member 

Davip P. Brown, Chief Surveyor, American Bureau of Shipping, 
Vember 

CHARLES D. WHEELOCK, Rear Admiral, U.S.N., Deputy and Asst. 
Chief, Bureau of Ships, Dept. of the Navy, Member 

Paut F. Yount, Brig.-Gem., U.S.A., Asst., Chief of Transportation, 
Dept. of the Army, Member 


Summary 


“ 


N April 1943, the Secretary of the Navy, pursuant to 

his responsibility through the Coast Guard for 
certificating vessels in accordance with the Marine 
Inspection Laws of the United States, established a Board 
of Investigation to Inquire into the Design and Methods 
f Construction of Welded Steel Merchant Vessels. 
[his Board was composed of the Engineer-in-Chief, 
United States Coast Guard; the Chief of the Bureau of 
Ships, United States Navy; the Vice-Chairman of the 
United States Maritime Commission; and the Chief 
Surveyor of the American Bureau of Shipping.’’ The 
foregoing quotation from the Final Report,' July 15, 
1946, of the Board, describes the organization of the 
Board to investigate the fractures experienced by welded 
merchant vessels. 

One of the major recommendations of the Board was 
that ‘‘an organization be established to formulate and 
coordinate research in matters pertaining to ship struc- 
ture in the same manner as has been the practice during 
the tenure of the Board.” 

Accordingly, in October 1946 the Secretary of the 
lreasury appointed the Ship Structure Committee? which 
was organized on a basis parallel to that of the Board.* 
Five of the research investigations mentioned in Exhibit 
Il of the Final Board Report have been continued by the 


* The*unfinished activities of the Board had been carried on temporarily 
‘Sy an Interim Committee which functioned like its predecessor under the 
general Chairmanship of the Engineer-in-Chief of the United States Coast 
‘uard. The subsequent appointment of the Ship Structure Committee was 
eHected by the Secretary of the Treasury (rather than by the Secretary of the 
Navy as in the case of the original Board) because of the fact that the Coast 
Guard had been transferred from the Navy Department back to the Treasury 
Department prior to the appointment of the Ship Structure Committee. 
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Ship Structure Committee and four additional research 
projects recommended by the Board have been initiated 
This present Technical Progress Report summarizes the 
results of these investigations together with significant 
findings from related activities sponsored by agencies 
other than the Ship Structure Committee. 

The present report is arranged in four parts under the 
general subjects of Design, Fabrication, Materials, and 
Statistics. Under the first, Design, is recorded confirma- 
tion of theoretical formulas for the bending of the hull 
girder of a ship and demonstration by laboratory tests of 
the improvements to be gained by relatively simple 
changes in design details. The second part, on Materials 
summarizes the continuation of the basic work on steel 
hull plate, looking toward an understanding of the funda 
mental reasons for brittle fracture, and shows the progress 
being made toward improvements in specifications in an 
effort to lower the incidence of fractures. Methods of 
Fabrication, the third part, summarizes the effect of cer- 
tain fabrication practices on structural performance 
In the fourth part cumulative statistical data on ship 
casualties are brought up to date as recommended by the 
Board. 

All the projects sponsored by the Committee, and 
many by other agencies, have been carried on using steel 
from the same heats. These projects include those 
involving the testing of large hatch corners, large tubes, 
wide flat plates, a variety of notch bar specimens, and 
various tests incorporating welding. The heats of steel 
have been designated alphabetically and will be referred 
to herein as the “‘project steels."’ Table 1! lists their 
principal characteristics. The hull steels complied with 
A.B.S. specifications. However, there is considerable 
variation in their notched bar properties which, at present, 
is not a requirement of existing specifications. 


Conclusions 


1. All the conclusions listed in the Final Report of 
the Board remain valid. 

2. The incidence of cumulative major failures on all- 
welded Liberty ships has been reduced to one-tenth by 
rounding the hatch corners, and fitting a riveted gunwale. 
This record justified the various structural changes made. 
The evidence that cleavage fractures do not pass riveted 
seams is now based on 15,000 ship-years service. 

3. The results of laboratory tests on hatch corner 
specimens incorporating design modifications used on 


ships for the purpose of increasing the resistance to brittle 


fracture substantiate ship service records. 

4. Based on the energy absorption to failure, design 
t Table 1 contains a list of the project steels and their more important me 
chanical and chemical properties 


™pleted 
3,70 


Approximate Chemical 


Code Analysis, “% Type of Steel and 

Letter Mn Condition 
A 0.25 0.47 Semi-killed, as-rolled 
B,- 0.18 0.72 Semi-killed, as-rolled 
Ba 0.18 0.72 Semi-killed, normalized 
i 0.25 0.49 Semi-killed, as-rolled 
D, 0.19 0.52 Fully killed, as-rolled 
D, 0.19 0.52 Fully killed, normalized 
E 0.23 0.39 Rimmed, as-rolled ~ 
F 0.18 0.82 Fully killed, as-rolled 
G 0.20 0.86 Fully killed, as-rolled 
H 0.16 0.85 Fully killed, as-rolled 
Nt 0.13 0.49 3'/2% nickel, as-rolled 


Water quenched and drawn 


are based on A.S.T.M. Flat Tensile Coupon. 
Tt Steel ‘‘N”’ containing 3!/.% nickel, represents an alloy steel. 
of the carbon steels on which these projects were planned. 


changes improve the performance of hatch corner speci- 
mens more than superior materials and fabrication proce- 
dures. However, it is possible to introduce structural 
or metallurgical notches even in noncritical areas that 
can cause premature failure of the structure. The inci- 
dence of failures resulting from such notches, which can 
not be eliminated by the control of design, can be re- 
duced through the use of less notch sensitive steel. 

5. The order of discrimination with respect to transi- 
tion temperature for project steels is essentially the same 
whether determined by (a) tensile tests of full-scale 
welded hatch corner specimens, (b) tensile tests of wide, 
centrally notched plates or (c) certain small laboratory 
specimens. 

6. The transition temperatures of plates rolled from 
any one heat are higher with increased plate thickness. 

7. No significant difference exists in the deflections or 
the over-all and local strains measured on two sisterships 
(tankers), one welded and one riveted, when subjected to 
hogging and sagging tests to normal stress levels. 

8. Plates with machined holes or with holes flame-cut 
and ground or heat treated show superior resistance to 
fracture under cyclic loading compared to those in the 
flame-cut condition. 


Design 
General Design 


I. While no full-scale structural tests have been 
initiated by the Committee several such tests have been 
carried out to study the strains in ships’ hulls and the 
deflections produced on the hull in still water. These 
include the passenger ship President Wilson,’ tested by 
the Maritime Commission and the cargo vessels Nevertta, ‘ 
Newcombia’ and Clan Alpine (report not completed) 
tested by the British Admiralty Ship Welding Committee. 

The following results were obtained: 


(a) The tests on the cargo ships confirmed the applica- 
tion of the beam theory to the main hull girder.* ® 

(6) Comparative tests on the sisterships, Neverita and 
Newcombia, one basically welded and one basically 
riveted, indicated no pronounced difference in the struc- 
tural performance as demonstrated by deflection curves 
and by local and over-all strains.‘ ° 

(c) In the case of the President Wilson, while the main 
hull girder behaved generally in accordance with the 
beam theory, the stresses at the top deck of the long deck 
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Table | 


Characteristics of Steels Included in the Investigations 


* Note that elongations over 2 in. gage length are based on 0.505 in. diam. standard Tensile Coupon. Elongations over 8 in. gage 


Its properties and performance cannot be compared directly with thos 
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Transit Tes 
-—————Average Physical Properties————._ Determined 
Y. P. TS. Elongation %* 12-In. Plates 
psi. psi. 2 In. 8 In. 
37,950 59,910 33.5 
35,800 59,600 26.0 
34,800 58,900 + 32.0 
39,000 67,400 25.5 
37,600 65,100 i 32.3 ) 
34,800 59,500 31.1 5 
30,000 57,000 31.8 
34,050 60,750 30.6 
41,300 70,100 27.9 () 
39,800 63,100 27.0 5 
58,800 79,700 ae 30.0 64 
46,600 72,450 45.0 4+5/—10 


house were about one-quarter of those predicted by this 
theory.* 

Tests at sea, by the British Admiralty Shipwelding 
Committee, on the cargo vessel Ocean Vulcan have bee: 


completed, and the ship is currently undergoing sii 
water calibration tests. 


Detail Design 


I. Structural design details were studied by iw 
means: ship bending tests‘ ° (Neverita and Newcombic 
and full-scale laboratory tests.*: 

The results of the ship bending tests indicate: 


(a) Stress concentrations measured at corresponding 
round hatch openings and other discontinuities were sub- 
stantially the same on the riveted and on the welded 
tanker.’ 

(6) Local panel bending stresses were lower on the 
riveted than on the welded ship. This behavior was 
attributed to the following factors:* 

1. Riveted lapped plate seams stiffened panels wher 

present. 

The faying flanges of stiffeners helped to stiffen the 

panels. 

The plating of the riveted ship was initially fairer 

than that of the welded ship. 

One exception to the above occurs in the presenct 
of transverse butts of the lapped and single 
strapped type. 

II. The laboratory tests were performed on full-scale 
specimens representing the hatch corner of a ship. Ma 
terials, fabrication procedure and testing procedure wer 
held constant for one series of tests in which only the 
design was varied. The results of these tests indicate’ 

(a) Simple design changes improved the performance 
to a far greater extent than did the use of superior ma- 
terials and fabrication procedures (in this connection, 
however, careless workmanship can appreciably reduce 
any advantage gained by good design).* 7 

(6) A-substantial improvement on the original design 
was obtained by using full penetration welds in lieu 0! 
fillet welds in the fabrication of the square corner.® ’ 

(c) More extensive design changes incorporating 
rounded corners and which do not have strength welds 
located in critically stressed areas result in great improve: 
ments.°®: 7 

(d) Laboratory test results rated designs in the same 
order as ship service records (see Table 2). 
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Table 2 
Data from Laboratory 
Tests* 
——Data from Ship Service —~ Energy Nominal 
Service Fractures Absorption Stresses at 
U.S.C.G. Time, 100 Fractures per 100 at Failure, Failure, 
Code Ship-Years Reported Ship-Years In.-Lb. Psi 
Basic design® 7 18.4 210 11.4 230,000 24,000 
Gusset reinforcement® ‘ 5, 6 and 7 14.3 37 2.55 974,000 31,500 
Insert rounded® 3,4 and 8 4.5 ~ 1.81 1,132,000 34,000 
Insert and doubler rounded® 7 1 and 2 6.4 0 0 3,938,000 36,800 
- Basic design and longitudinal coaming extended® 7 Not actually applied 4,024,000 30,100 
' 4 Basic design using full penetration welds instead of fillet 
welds No service record available 882,000 29,000 
- The ABS design featuring rounded insert plate and ex- 
tended longitudinal coaming*® 7 9.0 0 0) 5,800,000 33,200 
S The Kennedy design featuring a rounded hot-formed 
plate at the corner® 7 Not actually applied 6,786,000 54, L00f 


* Laboratory specimens varied somewhat from the actual ship detail in minor respects for reasons of practical testing procedure 
+ Failure started from a notch resulting from an arc struck inadvertently where no weld was intended 


Material 


The first conclusion of the Board was that ‘‘the frac- 
tures in welded ships were caused by notches* and by 
steel that was notch sensitive at operating temperatures.”’ 
Since notch sensitivity? of steel is of prime importance in 
the failures of ships, considerable work on this problem 
has been sponsored by the Committee. One of the 
principal objectives of the Committee’s program is the 
establishment of a suitable specification for ship steel 
recognizing the property of notch sensitivity. 

Such a specification has recently been established by 
the American Bureau of Shipping based in part on the 
work reported herein. 


I. Several projects have been carried out to investi- 
gate the causes of cleavage fractures of ship plates by 
means of tensile tests of wide (12 to 108 in.) centrally 
notched flat plates. By testing these specimens at vari- 
ous temperatures, the energy absorption vs. temperature 
curves can be obtained.*—"* 

Findings from the tests of these full plate thickness 
specimens are as follows: 


*A notch may be defined as any discontinuity. As used in this report, a 
notch means a structural discontinuity, such as is occasioned by hatch open- 
ings, Sheer strake cut-outs, foundations, vent openings, bilge keels, the abrupt 
termination of structural members, etc., and imperfections in the structure 
resulting from fabrication, such as peened-over cracks, undercut welds, poros- 
ty and inclusions in welds, and incomplete penetration which leaves voids at 
the center of the joint. In addition to structural notches, metallurgical notches 
resulting from inhomogeneities in the material may exist and may, under some 
onditions, be more severe stress raisers than structural notches. The heat 
iffected zone of a weld or a flame-cut edge could be a metallurgical notch 

’ Notch sensitivity may be defined as the property of a material which re- 
flects its reluctance to absorb energy in the presence of notches and other strain 
inhibitors, such as low temperature and high rates of strain 


Code Mn, P, % S,% Si, % 
A 0.26 0.50 0.012 0.039 0.03 
B, 0.18 0.73 0.008 0.030 0.07 
Bs 0.18 0.73 0.011 0.030 0.04 
G 0).24 0.48 0.012 0.026 0.05 
D, 0.22 0.55 0.013 0.024 0.21 
D, 0.19 0.5 0.011 0.024 0.19 
E 0.20 0.33 0.013 0.020 0.01 
F 0.18 0.82 0.012 0.031 0.15 
G 0.20 0.86 0.020 0.020 0.19 
H 0.18 0.76 0.012 0.019 0.16 
N 0.17 0.538 0.011 0.020 0.25 ° 
Q 0), 22 1.13 0.011 0.030 0.05 


“o>, <0.02; As %, <0.01 in each steel. 
* Supplied by the Bethlehem Steel Corp. 


Table 3—Chemical Analyses of the Steels* 


(a) The project steels have been evaluated as to their 
relative notch sensitivity in terms of their transition. 
temperatures! for 12-in. wide plates as shown in Table 
1.8-'4 The 12-in. wide plates have been used as a basis 
of comparison because a greater variety of steels have 
been tested with this type specimen. 

(b) The nickel steel and the quenched and tempered 
carbon steel in 12-in. wide plates absorbed more energy 
than the best fully killed, as-rolled hull steel when frac- 
turing in a similar mode. They also absorb from '/» to 
?/; as much energy when they fractured by cleavage as 
the majority of the other steels absorbed when fracturing 
by shear.*. 

(c) The transition temperatures of plates rolled from 
any one heat are higher with increased plate thick- 
ness.® 9, 19, 25, 26 

(d) In ductile failures a relatively large volume of 
metal on either side of the fracture undergoes plastic 
flow. Even when fractures appear to be of the brittle 
type, local plastic deformation has been found near the 
fractured edges of the material.° 

II. The investigation of the effect of variation in 
material on the performance of hatch corner specimens of 
the “‘basic design” using a single fabrication procedure 
has continued. Such specimens have been tested at 
various temperatures to obtain energy temperature 


t The term ‘‘transition temperature’ appears frequently throughout this 
report. It refers to that temperature above which fractures are of the ductile 
type, in which large amounts of energy are absorbed by the steel in fracturing, 
and below which fractures are brittle and a relatively small amount of energy 
is absorbed by the steel in breaking. Transition temperature may vary in the 
same steel depending upon the test method and specimen used 


Ni,% Cu, % Mo. % Sn, % N:, % 
0.012 0.02 0.03 0.03 0.006 0.003 0.004 
0.015 0.05 0.07 0.03 0.006 0.012 0.005 
0.013 0.06 0.08 0.03 0.006 0.015 0.006 
0.016 0.02 0.03 0.03 0.005 0.003 0.009 
0.020 0.16 0.22 0.12 0.022 0.023 0.006 


0.019 0.15 0.22 0.12 0.021 0.025 0.006 
0.009 0.15 0.18 0.09 0.018 0.024 0.005 
0.054 0.04 0.05 0.03 0.008 0.021 0.006 


0.045 0.08 0.15 0.04 0.018 0.012 0.006 
0.053 0.05 0.09 0.04 0.006 0.004 0.004 
0.077 3.39 0.19 0.06 0.025 0.017 0 005 
0.008 0.05 0.13 0.08 0.006 0.018 0.006 
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curves. The specimens were made from ‘‘B”’ steel as- 
rolled and the “C”’ steel. Large differences in transition 
temperature of these steels have been indicated by these 
hatch corner tests as well as by other tests including large 
centrally notched flat plates, notched bar impact tests 
and a tear test. The ‘‘B”’ steel consistently had the 
lower transition temperature (see Table 1).°. 


III. Sponsored by the Welding Research Council, a 

series of large welded plate box girders," each weighing 
i approximately 10 tons, were subjected to beam loading 
" at room, freezing and sub-zero temperatures, and showed 
: deformation and fracture performance similar to that 
Be obtained in the hatch corner tests. Other important 
me tests of large welded structural specimens are in prog- 
ress,'8 
IV. In an effort to develop a small laboratory speci- 
oy men which would give transition temperatures compar- 
fae able to those obtained from the wide plate and hatch 
a corner tests, an investigation originally set up by the 
. Board has produced the following new informa- 
tion 8—14, 19—22 
ith 


(a) Neither the keyhole nor V-notch Charp, impact 


tests discriminate between project steels with r. 


notch sensitivity in the same manner as do the s}; 


and wide plate tests. These impact tests fai 
criminate between the two semi-killed project st: 
and “C’’) of approximately the same chemical 
except for nitrogen (see Table 3). These steels 
marked differences in transition temperatures 0) 
and 72-in. wide flat plate tests.*. °. 


(b) Several small laboratory-size test specime: 


been developed which rate project steels, includ 
and “C,” in the same order with respect to t: 


spect t 


uctura 
to dis 
Is (“A 


alysis 


showe; 
the 


1S hay, 
ng “A 


iNSitioy 


temperature as that indicated by the large-scale tes. 


They are chiefly notched tensile or bend specimen 
statically. These specimens’~*‘ and others®~® 


being explored for practical application. 


teste, 


ire noy 


V. In an attempt to obtain steel which is iess note 
sensitive at low temperatures, the Committee has esta} 


lished liaison with the American Iron and Steel Instity), 
which is assisting the Committee in a survey to evaluat, 


Table 4—Class | Casualties. Chronological Order (Continued from Board of Investigation Report of July 15, 1946 


141 | Alexander Ramsey EC-2 


Horda 


Isaac Mayer Wise | EC-2 
| 


Titan 


C-2-S-B1 Moore D.D. Co. 


154| Fairisle C-2-S-El | Gulf $.B. Co. | 
155 | Ponagansett T-2-SE-A2 | Marinship 
156 | Cahaba T-2-SE-A2 | Marinship | 

David E. Hughes | EC-2 California | 


158 | Shooting Star | C-2-Su(R) Sun S.B. 


159 | Simon Benson EC-2 Oregon 


Date 
| Deliv- | Months! Date Loading 
Name of | eredto | in | of or Sea 
Vessel | Type | Yard | Owners | Service | Casualty Drafts | Condition 
133 | Cape Friendship C-1B Consolidated Steel | 8-43 27 11/7/45 | Heavy 
Corp. 
134| Rufus W. Peckham | EC-2 | Bethlehem-Fairfield 243 | 34 | 12/13/45 | Fwd. 10’ 9’. | Deep swell 
Aft 19’ 2” | 
| | | | 
135 | Robert F. Stockton | EC-2 California S.B 8-42 . 42 | 2/22/46 | Ballast | Deep swell 
| | | 
136 | Cape Greig | C-1B | Consolidated Steel | 6-438 | 33 | 3-46 | Unknown | Heavy 
Corp. 
137 | Fort Charlotte | T-2-SE-Al | Kaiser, Swan Island | 7-44 | 20 | 3/19/46 | Loaded Heavy 
| Yard 
138 | Cahawba | T-2-SE-Al| Alabama S.B. 5-44 24 «| 5-46 Loaded | Heavy swell 
139 | Fort Sumter | T-2-SE-Al | Kaiser, Swan Island 943 | 32 5/12/46 Ballast Heavy 
| Yard 
140 | Bemis Heights | T-2-SE-A1 | Alabama S.B 9-44 | 21 6-46 Loaded 


| Permanente-Rich 12-42 | 49 1-47 Loaded Heavy 
No. 2 | | 
142 | Stephan W. Kearney | EC-2 Permanente- Rich 843 | 41 | 1-47 | Loaded Heavy 
| | No. 2 
St. John’s River | 12-44 | 25 1-47 | Loaded Heavy 


C-1A | Pennsylvania 12-44 | 25 | 1-47 Fwd. 8’ 9”; | Heavy 
| aft 18’ 8” 

145 | Samaritan EC-2 California S.B. | Ai es 2-47 Fwd. 25’ 0”; | Heavy 
aft 28’ 0” 

146 | Benjamin Silliman EC-2 | Delta 10-44 | 28 2-47 Fwd. 8’ 6”; | Heavy 


aft 19’ 6” 


} | 

| 
Grenoble EC-2 Oregon S.B. 10-42 52 2/22/47 | Partially | Calm 

| loaded 
148 | Cherry Valley | T-2-SE-A1| Sun S.B. and D.D. 11-42 | 51 | 2/5/47 | Loaded | Heavy 
149 | Fort Dearborn | T-2-SE-Al1| Kaiser, Swan Island | 6-43 45 | 3/12/47 | Loaded | Heavy 
} | Yard 
150 | Maikop EC-2 Tank) California S.B. 11-48 43 | 6-47 

151 | Salmon Knot C-1M Froemning Bros. 11-45 | 21 8-47 | Ballast Heavy 
152 | Barren Hill T-2-SE-Al| Alabama S.B. 8-44 | 38 | 10-47 | Loaded Heavy 


Win 


Fore 


the ! 
unde 
VI 
quar 
sider 
able 
sens’ 
initt: 
for 
tive 
mul 
sear 
the 
met 
rot 
che 
lim: 
bee 
per 


843 51 | 11/6/47 | Fwd. 15’ 1”; | Heavy swell 
7-43. | 66 12/6/47 Fwd. 6’ 5”; | Heavy swell 


aft 19’ 7” 
7-44 | 41 12/9/47 | Fwd. 14’ 0"; | Calm 

aft 18’ 0” 
2-44 | 46 | 12/9/47 | Ballast Calm 


643 | 54 12/9/47 | Ballast Heavy 


65 12/19/47 | Fwd. 16’ 11”; | Rough swell 
aft 23’ 2” 


12-47 | Loaded with | Heavy 
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mae the notch sensitivity characteristics of steels produced Methods of Fabrication 
ruct u under present mill practices. ‘ 
—— VI. In order to facilitate the production of large Many fractures of welded merchant ships started at 
= dis yantities of steel of low notch sensitivity, it was con- geometrical notches caused by defective workmanship 
a A } raat | desirable to develop a ladle or furnace test, cap- Other fractures have started at metallurgical notches. 
ly able of predicting, prior to rolling, the relative notch Therefore, a number of projects were initiated to study 
“eg sensitivity of the finished plate. A project has been fabrication procedures. The investigators in the field 
neal initiated to explore the possibility of such a test.*! of welding have examined weldments as a whole and 
VII. Facilities and equipment have been completed specific zones both in and surrounding welds in an 
ns hay jor continuation of a “direct explosion’ test for a qualita- attempt to determine the causes and methods of preven 
mg A tive evaluation of prime and welded steel plate under tion of such notches during fabrication. 
ANSItior multiaxial loading at high strain rates.** I. An investigation of the performance of 3/,-in. 
1e tests VIII. Through the cooperation of the Welding Re- specimens, 11'/, and 16'/s in. wide, made by different 
— search Council, equipment has been made available for simple fabrication procedures and subjected to cyclic 
are now the investigation of the behavior of steel plate and weld- loading was initiated because it appeared px ssible that 
ments subjected to biaxial stress produced by rapidly some of the fractures encountered in ships may have 
a aie rotating a disk of the material. originated at a fatigue crack. These specimens were sub- 
> IX. Since steels are not isotropic, it is difficult to jected to cyclic stresses of 0 to 30,000 psi. in tension. 
nstitut check the validity of the theories of plastic flow. A pre- The tests have given the following results:"* 
valu “ liminary mathematical treatment for this behavior has (a) The number of cycles before the appearance of 
: been developed for anisotropic material and awaits ex- _ the first crack in plates containing longitudinal welds with 
946 perimental confirmation.** ~** the reinforcement intact or cut-outs (either round or 
Tempera- 
Ship ture 
oc Speed Air /Water Location of Fracture Origin of Fracture Remarks 
Bs | Gunwale fracture between Frs. 102 and 103. | Opening for accommodation 
Sheerstrake cracked for 27 in. Deck across ladder at sheerstrake 
stringer to midship bhd. 
Full speed 36/60 Gunwale fracture between Frs. 139 and 140, 6 ft. | Aft break of bulwark for sub 
down sheerstrake, deck stringer, 19 in. nets., Fr. 140 
B5 Full speed 26/415 Deck fractured from gunwale to € Ventilation duct, between coam- | H.C. rounded; riv 
ing and gunwale gun/strap 
6 Stbd. sheerstrake fractured down 4’ 3”. Deck | Opening for accommodation 
stringer fracture 3’ 4” ladder at sheerstrake 
B7 «=CFFull speed | Drop of Shell fractured 35’ stbd. between No. 4 and No. 5 | Fwd. end of long No. 15 
30° F tanks around bilge from H to A strakes 
38 | Full speed 40/40° Fractured around bilge from E to B strakes | Unknown 
- 39 Broke in two Unknown Two halves scuttled 
by U. S. Navy 
40) Shell around bilge fractured for 12 ft. close to bhd. | Unknown 
between No. 4 and No. 5 
Deck fractured 14 ft. from gunwale at Fr. 68 near 
|  bhd. between No. 2 and No. 3 holds 
2 | Fracture around bilge from D into B strake, 14 ft. H.C. rounded; riv 
long gun. bar 
3 | Fracture around bilge forward of No. 3 hold. Full | Defective butt at bilge 
D and E strake, 11 ft. long 
14 ; 34/45° | Shelter deck fractured from gunwale to coaming Top of sheerstrake at butt weld 
: No. 3 hold. Down sheerstrake, 5 ft. between Frs. 79 and 80 
15 10 Deck fractured for 13 ft.from gunwale. Shellfrac- ..... 
| tured 8 ft. down, abreast No. 4 hatch 
+0 10 81/56° | Deck fractured between gunwale bar and deck | Deck house corner H.C. rounded; riv 
7 strap near port corner of deck house gun. bar and deck 
strap 
f ' 26/32° | Shell fractured for 14 ft. diagonally across bhd. H.C. rounded; gun 
; | between engine room and deep tank strap riv. 
18 sat | 38/45° | Shell fractured around bilge 10 ft. in Tank No. 5 | 
BY 10.4 | Unknown | Vessel broke in two at aft end of No. 7 tank Fwd. end sunk, aft 
/38° end towed to 
Honolulu 
Ww $e | Deck fractured from No. 3 coaming to gunwale 
a1 so 48/48° | Deck fractured from No. 3 coaming to gunwale bar 
02 | Stb. shell fractured at mid-ship from 2nd strake | —....... 
below sheer to Strake A on port. Port shell frac- | 
a tured, 30 ft. 
‘ os 11 | 46/57° Deck fracture from aft hatch corner No. 3 to gun- | Butt at bulwark rail. Hatch | Riv. seams 
! wale. Sheer strake fracture, 4 ft. | corner 
a4 |} 49/54° Deck fracture from gunwale to coaming of No. 3 | Repaired crack at insert plate of 
= hatch | _ aft corner No. 3 hatch 
D0 0 34/41° Broke in two, between No. 6 and No. 7 tanks on | Stool for chock, 10 in. from gun 
bhd. wale 
06 0 Pre Sheerstrake fracture to strake below. Stringer Use of heat to fair a buckle in 
fracture sheerstrake 
M 10 50/72° Deck fracture of 12 ft. Close to fwd. No. 3 hatch | Unknown H.C. rounded; riv. 
gun. bar 
, 8 li 38/36° Deck fracture from aft No. 3 hatch corner to gun- | Square hatch corner 
wale 
' 9 | 10 40/49° Deck fracture, stbd. Frs. 81 and 82, gunwale to 14 | Bulwark cap rail. Information 
ft. inbd. Fracture in sheer strake. Bulwarkfrac- | by telegram and is not included 
ture in totals 
REPORT SHIP STRUCTURE COMMITTEE 381 -s 


4 . 


rectangular) is not as great as that of the prime plate. 
The round holes were either machined, flame-cut, flame- 
cut and ground, heat treated or, in the case of the rec- 
tangular openings, reinforced with a welded face 
plate.**| “® The average number of cycles to the appear- 
ance of the first crack in plates with the specially fabri- 
cated round holes is about five times greater than in 
plates tested with the flame-cut holes in the as-cut condi- 
tion. 

(6) If the longitudinal welds are ground flush, the 
number of cycles before the appearance of the first crack 
is increased, but in only one case out of five did it equal 
the number of cycles before appearance of the first crack 
in the prime plate.** © 

(c) These fatigue fractures started in the weld metal 
of the longitudinally welded specimens.** © 


II. Attempts have been made to evaluate the per- 
formance of welded structures by means of small speci- 
mens which contain a weld bead or a welded joint made 
with various welding procedures.“~* Several types of 
these specimens contain notches either perpendicular or 
parallel to the welding direction, and are tested at various 
temperatures by bending in a jig. . 

Some significant results are: 


(a) The angle through which the welded specimens 
may be bent is not as great as the bend angle of prime 
plate when the testing temperatures are the same unless 
special procedures are used. Some of these procedures 
are: the use of preheat (400 to 500° F.), postheating 
(above 1100° F.), the use of a weaving technique with a 
slow rate of travel.” 

(b) The transition temperatures and the bend angle 
at room temperature obtained with these specimens may 


be estimated from the maximum under-bead hard- 
ness.‘7. 49 


An investigation has been initated by the Committee 
to develop a small laboratory specimen whose transition 
temperature will correlate with hatch corner specimens, 
and other full-scale welded structural specimens. The 
project steels and electrodes most commonly applied in 
shipbuilding will be used. 

III. Other projects have been concerned with the 
investigation of the physical properties of the various 
zones in and surrounding a welded joint.*: °° Specimens 
that have been used for this work include a small, round, 
notched tensile bar and a 1-in. square notched bar tested 
in bending. 

IV. A series of tests of the large hatch corners of the 
“basic design,’’ conducted after the publication of the 
Board Report, have verified the beneficial effect of pre- 
heating on the nominal stresses and energy absorption at 
failure.. 

V. An additional 20-in. diam. tube tested since the 
Board Report has substantiated the beneficial effect of 
postheating on the performance of a welded structure 
subjected to biaxial loading at low temperature.’: ©! 

VI. High-strength structural steel may be desirable 
in the construction of certain types of vessels.®?» % 
Welding of this type of steel is difficult, due largely to the 
occurrence of cracking in the vicinity of the deposited 
metal. 

Results of an investigation to date indicate: 


(a) Cracking which has been encountered in the 
fabrication of high-strength steels is intensified by micro- 
scopic segregation of the alloying elements or band- 
in 52, 53 

(6) This segregation can be greatly reduced by heat- 
ing the steel to 2250-2350° F. (this is called homogeniza- 
tion). The homogenization time required increases with 


higher alloy content and varies inversely with the amount 
of rolling.*?: 
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Statistical Report of Structural Failures of § =e] 
Merchant Vessels 


Since April 1, 1946, three T-2 Tankers, vi | f,,, 
Sumter, Fort Dearborn and Ponagansett, suffer: com. 
plete fractures of the hull girder close to amidship. 7), 
first two tankers broke at sea during heavy wea ‘her jy 
the Pacific Ocean, south of the Aleutians. Th. thir, 
tanker broke in two at a pier in East Boston while \in¢er. 
going reconversion from naval to merchant servic«. 

In March 1947 a thirty-year-old riveted collicr, th. 
Oakey L. Alexander, broke in two during a heavy storm 
off Portland, Me. . 

The tanker fractures were of the brittle type. They 
occurred at a relatively low temperature (50° F. or below 
and propagated at high speed through a large section oj 
the hull girder. The Oakey L. Alexander was an « xCep- 
tion in that the fractures paused in the vicinity of th 
riveted seams. This was apparent from the amount oj 
stretching of the steel and the resulting shear fractures 
adjacent to the longitudinal seams. 

In addition to the four ships that broke in two, | 
serious structural failures comprising cracks of 10 ft. or 
more in length in the main hull girder within the middle 
third length were sustained by five T-2 Tankers, and 
thirteen cargo ships, of which there were eight EC-2’s, 
three C-2’s, one C-1A and one C-1M. 

Available information on all the above structural 
casualties is given in Table 4. The comparative record 
of structural performance of the major types of Maritinx 
Commission designed ships based on serious casualties 
per hundred ship-years in service up to Jan. 1, 1948 is 
given in Table 5. 


Liberty Ships 


Substantially all Liberty ships originally built with 
welded shell seams which are operating today have been 
fitted with riveted gunwale straps or bars and rounded 
hatch corners. The record of structural failures in 
Liberty ships, which has been showing a steady improve- 
ment, seems to have reached, at present, a fairly uniform 
rate on the basis of cumulative major structural casual- 
ties per hundred ship-years in service. The rate, as of 
Jan. 1, 1948, as shown in Fig. 1, is 1.45 for all Liberty 
ships built with welded shell seams, 0.42 for Liberty 
ships built with welded seams and having riveted gun- 
wales and rounded hatch corners and 0.22 for Liberty 
ships built with riveted shell seams. 


-T-2 Tankers 


A study of Fig. 1 shows the difference between thie 
record of the T-2 Tankers, which have had no substantial 
structural changes and the Liberty ships with riveted 
gunwale and rounded hatch corners. As of Jan. 1, 1945, 
cumulative major structural casualties to hundred-ship- 
years in service is 1.82 for T-2 Tankers and 0.42 for 
welded shell. seam Liberty ships with riveted gunwale 
and rounded hatch corners. 

In May 1946 a complete failure of a T-2 Tanker, the 
Fort Sumter, followed in March 1947 by the breaking of 
the Fort Dearborn (which was the sixth), indicated the 
desirability of taking steps to prevent further failures. 
A meeting of the T-2 Tanker operators was held at New 
York in April 1947, at which time it was decided to fit at 
least four riveted crack arrestors on each vessel (one on 
the bottom shell on each side near the lower turn of the 
bilge and one on the deck, on each side of the wing tanks. 
The complete failure in December 1947 of the seventli 
T-2 Tanker, Ponagansett, accelerated this program. s 
of Jan. 1, 1948, 150 T-2 Tankers have been modified ani 
the balance of 356 are scheduled to have straps fitted 
within the near future. 
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~The Weldability of Alloys for 


High-Temperature Service 


By George E. Linnert* 


Abstract 


The weldability of a series of heat resisting alloys intended for 
use in gas turbines has been studied using the submerged-are and 
manual metal-arc welding processes. A new laboratory test 
specimen which incorporates the design features found in the weld 
joint of a bucketed gas turbine wheel is employed. Virtually all 
of the crack-type defects reported to occur in welded bona fide 
turbine wheels are reproduced in this ‘‘wheel-and-bucket’’ test 
specimen; the most important kind of cracking being a form of 
notch extension which propagates from the junctions between the 
buckets and travels transversely across the weld deposit 

The severity of interbucket junction extension cracking is shown 
to be profoundly influenced by variations in the weld deposit com 
position, which arise from the particular combination of wheel, 
bucket and filler metals employed. A metallographic study 
further reveals that variations in composition in turn alter the weld 
metal microstructure, and that the presence of interdendritic and 
stringer-like micro-segregates play an important part in determin 
ing the severity of junction extension cracking. 


Foreword 


HIS investigation of the wéldability of alloys for 
high-temperature service was begun in July of 
1944, in the Research Laboratories of the Ameri- 
can Rolling Mill Co. at Baltimore, Md. The work was 
undertaken by these laboratories at the request of the 
Office of Scientific Research and Development, function- 
ing through the War Metallurgy Division of its National 
Defense Research Committee. The project was termin- 
ated prior to its completion on Oct. 31, 1945, by the 
0.S.R.D. because of the cessation of hostilities, but the 
data accumulated to that date was reported to the War 
Metallurgy Committee.t Work on the project was re- 
sumed, starting Nov. 1, 1945, as a part of a comprehen- 
sive research program on alloys for high-temperature 
service being conducted by Battelle Memorial Institute 
lor the Office of Naval Research, Navy Department. 
The work of the ARMCO Research Laboratories was 
completed and reported to the Office of Naval Research 
on Apr. 22, 1947.4 The present article is based on the 
latter report. 
* Senior Research Engineer, Research Laboratories, The American Rolling 
Mill Co., Baltimore, Md 


t Feild, A. L., Bloom, F. K., and Linnert, G. E., ‘The Weldability of Heat 
Resisting Alloys (N-102),”" O.S.R.D. No. 6389, Serial No. M-626, Dec. 5, 
945 


3 Linnert, G. E., ““The Weldability of Alloys for High-Temperature Service 
‘h ) Fl Published by Office of Naval Research, Navy Department, 
May 1947, 


Fig. 1—-Aircraft Turbo-Supercharger Wheel Welded by the 
Submerged-Arc Process Having Interbucket Notch Extensions 
Into Weld Metal 


Introduction 


An acute need for information on the weldability of 
alloys for high-temperature service arose during the year 
of 1944 when we were at war. The aircraft turbo- 
supercharger was in mass production. Several other 
high-temperature engines were in the final stages of de- 
velopment. Of these, a jet propulsion unit for fighter 
planes was earmarked for immediate mass production. 
Fabricators of both experimental and production engines 
had encountered difficult problems in welding some of the 
alloys. The situation gave good cause for concern be- 
cause most of the materials in use, and especially those in- 
tended for future use, were developed almost solely 
through tests for load-carrying ability at elevated tem- 
peratures, and little or nothing was known of their weld- 
ability. 

Through discussions with the builders of various kinds 
of high temperature engines, it was learned that in prac- 
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Fig. 2—Wheel-and-Bucket Design Weld Test (Reduced from 


Original) 


tically all instances the welding problems involved the 
bladed rotors or bucketed turbine wheels employed in 
each unit. This was understandable inasmuch as the 
turbine wheel operates at great rotational speeds while 
heated to high temperatures, and consequently is gen- 
erally made of the more complex alloy materials. This 
project, therefore, was organized to study the welding 
characteristics of heat-resisting alloys intended for im- 
mediate and future usage in the bucketed wheels of turbo- 
superchargers, jet propulsion units and gas turbines. 

The welding of buckets to wheels was being done by 
the submerged-are welding process and the manual metal- 
are process. The principal difficulty which arose in weld- 
ing the alloys was cracking in the weld joints. Three 
general types of crack defects were known to occur; (1) 
weld metal cracking, (2) underbead cracking and (3) 
notch extension cracking. The latter was by far the 
most serious defect of the three types because it tended to 


occur as a radial crack in the weld metal ini: 
every junction between the buckets. Figure | js ayy. 
craft turbo-supercharger wheel welded by the su! merge. 
are process having interbucket junction entensi 1 cred 
ing in the weld metal. Complete elimination { the ;, 
terbucket notch or incipient crack from the turbine wh 
design appeared impossible from a practical or projy, 
tion standpoint at the time. Little was known about , 
defect beyond the fact that some combinations 0 f whe: 
bucket and filler metals displayed very severe junctiy 
extension cracking into the weld metal, where:is oth, 
combinations produced only small extension cracks whis 
could be safely tolerated. 

Before setting out to investigate the weldabhility 
heat-resisting alloys under the peculiar joint design o, 
ditions encountered in bucketed wheels, some prelimins; 
work was first done with a simple ‘‘bead-on-plate’’ sp, 
men to secure fundamental weldability data on a num. 
of alloys. Both the submerged-are and manual-arc we); 
ing processes were used. This kind of test specimen fy 
nished information on the susceptibility of alloys to we 
metal cracking and underbead cracking. Next, a» 
strained butt-joint specimen was given atrial. This tes 
piece had a single-V joint with abutting root faces whi 
were only partially fused to deliberately leave a notch x 
the base of the weld deposit. It was hoped that this ro 
notch would function in the same way as the troublesom 
interbucket junction and thus be useful in evaluating ty 
susceptibility of each weld metal composition to not 
extension cracking. However, in no case did the roe 
notch initiate any appreciable extension cracking into t! 
weld deposit, and it was evident that a weld test specime 
would have to be developed which more closely simulat: 
the conditions found in the bucket-to-wheel weld joint 
The welds in the butt-joint specimens were examined t 
gather further information on weld metal cracking an 
underbead cracking, and then subjected to mechanic 
tests to secure data on joint strength and ductility « 
room temperature. 

At this point in the investigation, a ‘“‘wheel-and-buec. 
ket’ design weld test specimen was developed. As thi 
name indicates, the design of the specimen was muc! 
like that of a bucketed wheel. However, at the time thi 
specimen was planned, it was important to have a tes 
piece which could be more readily and economically pre 
pared than the usual bucketed wheel. . Yet the feature 
had to be so designed that data of immediate use to gu 
turbine wheel manufacturers would be obtained. |: 
stead of a center disk and a surrounding ring of buckets 
the ‘‘wheel-and-bucket” test specimen consisted of « 


‘ating 


Table 1—Designations and Nominal Chemical Compositions of Heat-Resisting Alloys 


Material & Cr Ni Co 


Mo WwW Cb Ti V N Fe 
Wrought Alloys 
Hastelloy ‘‘B’”’ 0.05 70 3 0.3 Residual 
N155 (Low Carbon) 0.15 20 20 20 3 2 1 i 0.15 Balance 
$590 0.40 20 20 20 4 4 4 ey af os Balance 
S816 0.40 20 20 40 4 4 4 — wht 0.15 Residual 
Timken 16-25-6 0.08 16 25 6 Balance 
Uniloy 19-9DL 0.30 19 9 1 1 0.3 0.3 Balance 
Cast Alloys 
Vitallium 0.25 28 Bal. 6 Residual 
422-19 0.40 25 15 Bal. 6 Residual 
6059 0.45 25 30 Bal. 6 ‘ Residual 
X40 0.50 25 10 Bal de 7 Residual 
Welding Electrodes 
A.1.S.I. Type 316 0.07 18 13 2.2 P <- Balance 
Hastelloy ‘“B”’ 0.05 65 28 0.5 Residual 
N155 (Low Carbon) 0.15 20 20 20 3 2 1 wet ay 3 Balanc« 
$590 0.40 20 20 20 4 4 4 oe — a Balance 
$816 0.40 20 20 40 4 4 4 Raid pak od Residual 
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Nitiating » — = 
is =a Table 2—Program of Wheel-and-Bucket Weld Test Specimens Using Submerged-Arc and Manual-Arc Welding Processes 
Welding 
Tack. Preheat 
1 Of the in i Temperature, 
whee x Wheel Metal Bucket Metal Weld Filler Metal 
OF produ a Section I—Influence of Preheat Temperature 
2 about th i Timken 16-25-6 S816 Type 316 (1) 75 
IS Of whee Hi Timken 16-25-6 $816 Type 316 (2) 300 
re Timken 16-25-6 $816 Type 316 (3) 600 
TEAS Othe B Timken 16-25-6 S816 Type 316 (4) 1000 
acks whic z Section II—Weldability of Eight Bucket Alloys 
1 Timken 16-25-6 (1) Hastelloy ““B”’ Type 316 600 
dability Timken 16-25-6 (2) $816 Type 316 6 1) 

, Timken 16-25-6 (3) Vitallium (Source A) Type 316 600 
lesign en Timken 16-25-6 (4) Vitallium (Source B) Type 316 600 
reliminar, i Timken 16-25-6 (5) Vitallium (Source C) Type 316 600 
ate’ one | Timken 16-25-6 (6) 6059 Type 316 600 
Timken 16-25-6 (7) 422-19 Type 316 600 
Timken 16-25-6 (8) X40 Type 316 600 
cimen a A Section I1I—Weldability of Two Alloys for Cold Type Wheels 

, ae (1) Timken 16-25-6 The tests having best and Type 316 600 
YS to poorest bucket metals 
ext, a re will be selected from 
This tes i Section IT 
Aces which Ie (2) Uniloy 19-9DL Use best and poorest al- Type 316 600 
a notch » Mie loys from Section IT 
t this r - Section IV—Weldability of Three Alloy Combinations for Hot Type Wheels 
sublesom (1) S816 $816 $816 600 
uatine th (2) S816 5816 Hastelloy “B" 600 
(3) $816 X40 Hastelloy ““B 600 
| the 7 Section V—Weldability of Two Weld Filler Metals 
ig into ti ‘ Timken 16-25-6 $816 (1) Type 316 oie 600 
> — Timken 16-25-6 $816 (2) Hastelloy “B 600 
* te ws Section VI—Weldability of Two Alloys for Both the Buckets and Wheels of Gas Turbines 
joni N155 N155 N155 600 
$590 $590 $590 600 
Section VII—Influence of Bucket Design 
echani S590 S590 (Rhombic Design) 590 600 
ctility at = 
-and-bue. straight section to represent the wheel disk with a row of 
As the bucket-base replicas placed in butt-joint position as illus- 
vas muc trated in Fig. 2. This specimen proved to be successful 
time this in producing extension cracking from the junctions be- 
ve a tet tween the bucket-base replicas into the weld metal. 
cally pre. Furthermore, the severity of the cracking was reasonably 
feature consistent from junction-to-junction, and in duplicate 
ise to gs MF specimens. In all, the test appeared useful for evaluat- 
1ed. In ing the weldability of materials intended to be employed | Subserged-Melt Weld 
buckets in welded gas turbine wheels. Sostgn 
ted of 3 When the .wheel-and-bucket weld test reached this 
stage, a formal program of work was drafted. The ma- 
terials which were to be included in the project are listed 
in Table 1 along with their respective nominal chemical 
compositions. 
- A detailed outline of the program, showing the vari- 
: ables to be studied and the combinations of materials to a 
sidual be tested, can be found in Table 2. As a standard or Ut 
0 control” in studying the influence of preheat temper- tee 
sidual atures, and for making other comparison, the combi- | 
lance nation of Timken-wheel, S816 buckets and Type 316 weld ra 
lance filler metal was adopted. Both the submerged-arc and 
manual-are welding processes were used, with triplicate aaa eae 
sidual specimens being prepared by the former and duplicate | Design 
sidual specimens by the latter process. 
= In addition t aring wheel-and-bucket test speci- 
ae addition to preparing wheel-and-bucket test speci 
mens required by the program and gathering junction 
. extension cracking values, a considerable amount of sup- 
Amal plementary work was done to secure a maximum amount 
lance ot information fromthe specimens. A nick-fracture tech- 
ance nique was developed and used to determine the true in- 
idual ternal maximum depth of the extension cracks instead of Fig. 3—Bucket Base Replicas for Wheel-and-Bucket Design 
— accepting their length on a flush-ground weld surface, Weld Test (Reduced from Original) 
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Table 3—Chemical Composition of Base Metals 


Chemical Analyses (1) 


P 


Wrought Base Metal Alloys 


Hastelloy "3" 3/4xl-1/2"Bars HS1 .030 .40 66.07 28.00 23 Ha 
Hastelloy "B" %/4x1-1/2"Bars. HS? Nil .002 .18 65.17 26.60 .17 8.55 
N155 3/4xl-1/2"Bars 3S1 .118 1.47 .012 .005 .63 22.22 19.90 20.50 2.66 1.76 .92 14. 7 Nl 
¥155 3/4x1-1/2"Bars 3S2 -019 21.81 22.27 -94 
N155 3/4x3" Bars BS3 -022 22.21 21.00 -90 
Timken 16-25-6 4" eq Billet TRL .086 1.72 .018 .59 16.13 25.77 6.35 
Timken 16-25-6 4" sq Billet TR2 .080 1.72 .022 .014 -90 16.94% 25.96 6.24 -076 wus 
Timken 16-25-6 4" sq Billet TR3 .115 1.84 .031 .012 1.07 17.28 25.00 6.27 Sau 
Uniloy 1%9 DL 4" sq Billet UCL .306 1.08 .021 .004 -63 18.98 9.04 -99 1.75 «40 .32 +" 
$816 3/4x1-1/2"Bars AS] .373  .46 .005 .004 .43 20.15 20.57 44.24 3.95 3.97 3.84 2, watt 
$816 7/8x1-5/8"Bars AS2 .414 .70 .010 .002 .60 20.29 20.17 44.90 4.20 3.90 4&.11 he 
$816 7/8x3-1/8"Bars AS3 .414 .61 .010 .003 (.42) 20.00 20.14 44.30 4.15 3.97 4.09 
$590 Whecl Piece ECl .353 1.67 .011 .006 (.46) 19.29 20.02 21.36 4.18 4.28 3.78 24.96 
$590 Wheel Piece EC2 .358 1.67 .013 .004 (.37) 19.36 20.04 21.07 3.97 4.22 3.79 24.96 illo’ 
con 
Cast Base Metal Alloys give 
Vitallium Bucket Pieces AL3 .356 -52 .022 .017 .60 27.82 2.74 62.80 4.64 1.4) 
Vitallium Bucket Pieces GE3 .290 .44 .024 .017 .55 27.60 2.48 62.50 5.07 1.55 
Vitallium Bucket Pieces sS5 .312 .50 .022 .O11 -53 27-82 2.95 62.80 5.04 8) 
6059 Bucket Pieces Al4 .437 .46 .022 .013 -10 25.10 33.00 32.20 6.26 «51 2.11 
422-19 Bucket Pieces .432 .021 .009 -56 26.00 14.83 51.80 5.17 
X40 Bucket Pieces BMl .480 .76 .022 .011 .07 23.21 9.96 57.70 7:22 51 
(1) Chemical analyses were made in the laboratory using standard methods of analyses. Analyses in parentheses are 
those reported by suppliers. 
which was shown to be often misleading. A thorough blades only, (c) submerged-are welding electrode wire an 
metallographic examination was conducted, and photo- (d) flux coated manual are-welding electrodes. Whe 
graphic evidence secured on all of the general forms of | these materials were purchased for this work the supplic: | 
cracking found in the wheel-and-bucket type of weld was acquainted with the intended usage and requested | ba 
joint. The evidence gathered on junction extension select material which represented the average com, fin 
cracking by metallographic methods proved to be es-_ sition generally supplied. Complete chemical analyses cla 
pecially interesting. were made of all materials. No significant differences tai 
were found between the suppliers’ and the laboratories ct 
analyses. or 
Materials Used 
Wrought Base Metal a 
The materials employed in this investigation were prin- All of the wrought alloys were secured from commercia! Of 
cipally those used in making the wheel-and-bucket design producers. The items were purchased either as finished nk 
weld test specimens- They can be classified as: (a) bars or as billets which were forged to test specimen siz 
wrought base metal—used for both wheel disks and buck- With one exception the alloys were welded in the “‘as U 
ets or blades, (6) cast base metal—used for buckets or forged’’ or ‘‘as-rolled’’ condition. Below are listed th 
Table 4—Chemical Composition of Filler and Weld Metals , 
( 
it 
k 
r_Submerged-A 
Type 316 1/8" rd Wire RS2 -072 1.71 .026 .O1l .41 17.45 12.42 2.17 
N155 1/8" rd Wire UC2 172 1.39 .015 .012 .49 21.14 19.81 18.35 2.94% 2.06 .95 1 
$816 1/8" rd Wire -380 .70 .012 .005 .44 19.93 18.87 44.20 3.54 4.24 3.14 
$590 1/8" rd Wire ASS .492 1.38 .O11 .015 .31 19.21 18.87 19.60 3.92 3.48 3.70 
Hastelloy "B" 1/8" rd Wire -O71 .71 4018 .004 .56 67.10 25.90 -37 5.11 
Coated Electr Arc-W (1) 
Type 316 Weld Deposit RX123-C .070 1.95 .031 .010 .34 17.64 12.71 2.28 
a N155 Weld Deposit RX123-F .133 1.47 .012 .009 .58 21.05 18.73 18.73 3.01 2.28 1.01 -127 
Te $816 Weld Deposit RX12+H .341 .53 .009 .009 .42 19.43 19.55 42.70 3.54 3.65 4.37 5.25 | 
oe $590 Weld Deposit BX12}G .455 1.52 .O1l .009 1.07 19.10 17.26 20.20 3.66 3.60 4.10 
ae Hastelloy "B" Weld Deposit Ac3 -020 .11 .026 .006 .13 63.70 28.00 - 76 5.72 
ae (1) Analyses of weld metal deposited by manual-arc process were made with chips from a standard-type weld pad. 
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Table 5—Tensile Properties of Weld Metal Deposited by Manual-Arc Electrodes” 
Ultimate 0.2% Yield 
lrade Electrode Tensile Strength, Elongation 
Designation Size, In. Strength, Psi. Psi. in 2In., % Remarks 
Type 316 1/s 82,750 58,000 41.5 No defects 
$2,300 58,600 40.5 No defects 
Hastelloy ““B” "/s 108,250 78,750 18.0 Few small tears in surface of spec 
imen 
N155 1/8 109,000 74,750 18.0 Both teste 1 specimens had a few 
109,800 72,200 20.5 small tears in the surface and a 
small slag inclusion in the frac 
ture 
S590 1/, 127,500 97,200 3.2 No defects 
S816 1/, 131,000 101,000 3.2 No defects 


* Tensile properties determined from a standard 0.505-in. diam. tensile specimen machined longitudinally from a single-V restrained 


butt-joint in 1-in. thick mild steel plates. 


allovs included in the test program and their respective 
conditions. The chemical analyses of these materials are 


given in Table 3. 


Alloy Grade 
Hastelloy “B”’ 
Timken 16-25-6 
Uniloy 19-9DL 
N155 (Low Carbon) 


Condition 
As-Rolled 
As-Forged 
As-Forged 
As-Forged 


$590 Supplied as machined pieces 
S816 Heat treated 2275° F. 1 hr., 
water quench, plus 1400° 


F., 6 hr., air cool 


Wheel pieces and bucket pieces were machined from 
bar stock by milling and grinding. Bucket pieces were 
finish ground in sets of twelve or sixteen to secure uniform 
clan.ping pressure on each piece in the welding jig. De- 
tailed drawirgs of the bucket pieces, for wheel-and-buck- 
ct specimens to be welded by either the submerged-arc 
or manual-are process, are shown in Fig. 3. 

The quality of the wrought alloy bar stock was thor- 
oughly checked by macro etch testing prior to machining 
opesations. All materials appeared to be sound and of 
normal quality. 


Cast Base Metal 


Four cast alloys in the form of bucket pieces were in- 
cluded in the test program, namely, Vitallium, 6059, 422- 
‘9and X40 alloys. All were tested in the ‘‘as-cast”’ con- 
dition. Chemical analyses of these materials are given 
in Table 3. To investigate the possibility that different 
lots of cast material might possess different weldability, 
cast bucket pieces of Vitallium were procured from ¢hree 
sources of supply. 

Bucket pieces were precision cast by the ‘‘lost wax”’ or 
investment method. All pieces were subjected to radio- 
graphic inspection, especially to make certain that pieces 
containing internal unsoundness in the areas to be af- 
fected by welding were discarded. The cast pieces were 
also ground in sets to insure uniform finished dimensions. 


‘ 


Submerged-Arc Welding Electrode Wire 


Five alloys were employed as submerged-are welding 
electrode wire; Type 316. Hastelloy “B,’’ N155, S590 
and $816. Chemical analyses are given in Table 4. The 
wire was of '/s in. diam., and the condition was annealed 
and drawn. The coils were dipped in an acid pickling 
bath to insure a clean surface free of foreign matter. The 
granular flux or melt employed in conjunction with the 
electrode wire for submerged-are welding was The Linde 
Air Products Co.'s Unionmelt No. 80 in 20 x 200 mesh size. 
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Flux-Coated Manual Arc-Welding Electrodes 


In all but one case, the flux-coated metal-arc manual 
welding electrodes for this project were prepared in the 
laboratory. A quantity of the '/s-in. diam. wire pur- 
chased in each alloy for submerged-arc welding was 
straightened and cut to 14-in. lengths and coated by the 
extrusion process. The Hastelloy “B” electrodes were 
secured from a commercial electrode producer. 

The coating applied by the laboratory represented a 
simple limebase type flux suitable for operation on direct 
current-reverse polarity. The formula for the mineral 
portion of the flux was the same on all grades. Additions 
of ferroalloys and metals were made as required by each 
grade to adjust the composition of the weld metal. Pre- 
liminary tests on these electrodes included the deposition 
of an all-weld-metal pad for chemical analyses, and the 
making of all-weld-metal tensile tests. The tensile 
specimens were of standard 0.505-in. diam. size secured 
longitudinally from a restrained single-V joint in 1-in. 
thick plates of mild steel. The chemical compositions of 
the core wires and weld metals are shown in Table 4. 
The weld, metal tensile properties are recorded in Table 5. 

The tensile test results from all-weld-metal specimens 
are felt to be of some significance inasmuch as they indi- 
cate the susceptibility of relatively undiluted metal to 
metallurgical defects. Any weld metal defects (other 
than design defects like interbucket notch extension) 
which occur in welding heat-resistant alloys are therefore 
an effect of the base metal, and should be considered in 
evaluating the base metal’s weldability. In Table 5 un- 
der the caption “‘Remarks,” it will be seen that weld 
metals of Type 316, alloys S590 and SS16 were free of de- 
fects. The tensile properties of the Hastelloy ““B” and 
N155 alloy weld metals while normal for these grades, 


Fig. 4 Welding Fixture for Holding Wheel-and-Bucket Design 
Test Specimen 


A specimen for submerged welding pla The mea 
ured-torque wrench is used for tightening 
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may have been affected slightly by the slag inclusions or 
small tears detected in the broken tensile specimens. 


Test Procedure 


In general, the same fixtures and technique were em- 
ployed in making and testing the specimens when using 
either the submerged-arc or manual-arc welding proc- 
esses. 


Design of Wheel-and-Bucket Specimen 


The wheel-and-bucket specimen designed for this work 
consisted essentially of a straight-line double-preparation 
butt-joint wherein one side was made of a solid piece rep- 
resenting a ‘‘wheel,’’ while the opposite side was made 
of '/.-in. segments representing ‘‘buckets.”’ Although a 
circular specimen would have duplicated a bona fide tur- 
bine wheel more closely, the straight-line specimen of- 
fered many advantages in base metal preparation, weld- 
ing and sampling. Drawings of wheel-and-bucket speci- 
mens for both submerged-arc and manual-arc welding 
were shown in Fig. 2. The thickness of the base metal at 
the joint is */,in. The joint preparation for submerged- 
are welding is a double-V with a */;-in. root face, while 
that for manual-are welding is a double-U with a */3-in. 
root face. 

Attention is called to a particular feature in the design 
of the bucket pieces. These mock buckets were pat- 
terned after the bases of typical turbine wheel buckets or 
blades. Some distance back of the joint preparation, de- 
pending upon the particular welding process to be used, 
the thickness is reduced from */, to '/2 in. through a '/s-in. 
radius fillet. This was done to have a section of base 
metal of reduced thermal capacity adjacent to the weld 
metal at the top and bottom surfaces. The feature was 
incorporated in the piece upon the suggestion of a turbine 
Wheel builder. He presented evidence which suggested 
that some heat-resistant alloys were susceptible to crack- 
ing in a copiously heated weld fusion zone. This feature 
was also included in a number of the initial wheel pieces 
by cutting a relief groove in the top and bottom surfaces 
as indicated by the broken lines in Fig. 2. The groove 
was eliminated as a part of the wheel piece design when it 
was found that the device was ineffective in promoting 
any defects in the alloys tested as wheel material. 


Welding Procedure 


The machines used for performing the welding oper- 
ation are mentioned here as a matter of record. The 
submerged-arec welding equipment consisted of a Type 
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Fig. 5S—Equipment for Sy}. 
merged-Arc and Manual-A;, 
Welding 


(A) Welding fixture poised oye 
gas burner; (B) recording pp. 
tentiometer for temperature mea; 
urement; (C) metal cover { 
fixture during heating cycle: () 
recording instruments for wel, 
ing current. 


Over 


“U” Unionmelt head and carriage. Allof the submerged. 
arc welding was done with 60-cycle alternating current 
The welding current was supplied by two 500-amp. six 
General Electric Co. transformers. The current indicat 
ing instruments on the welding machine were comple. 
mented by three Esterline-Angus instruments which 
graphically recorded amperage, voltage and wattage, re. 
spectively. 

The manual-are welding equipment consisted of a 4()(. 
amp. size Westinghouse motor-generator welding ma- 
chine. All of the arc-welding was done using direct cur. 
rent-reversed polarity. 

To assemble a wheel-and-bucket specimen for welding, 
a wheel piece and appropriate number of bucket pieces 
were clamped in the heavy restraining jig shown in Fig 


Fig. 6-—Position of Equipment for Welding Wheel-and-Bucke' 
Design Specimen by the Submerged-Arc Process 
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4. This fixture and all accessories were made on non- 


) magnetic metals to minimize magnetic phenomena dur- 


ing welding. The bolts and nuts appear black in the 
phot: craph because they were subjected to a surface 


) treatment to reduce seizing and galling when used at pre- 


heat temperatures. The measured-torque wrench also 


' chown in this figure was used for tightening the horizon- 


tal screws which applied pressure to the abutting root 
faces of the joint and the interbucket faces, and the verti- 


‘cal clamping bolts. Torque forces of 35 ft.-lb. and 140 


ft.-lb., respectively, were applied. 
The arrangement of equipment for welding by either 


' the submerged-arc or manual-arc process is shown in Fig. 


5. The jig containing the specimen was supported by 
two stub shafts and bearings. Preheating was done by 
means of a large circular three-section gas burner. A 
light sheet-metal covering was placed over the top of the 
jig during the heating operation to improve temperature 
uniformity. The temperature was measured at all times 
by means of thermocouples imbedded in both faces of the 
wheel piece approximately °/s in. from the beveled edge. 
The thermocouple on top which was away from the direct 
effect of the heating flames was always used. Figure 6 is 
a more detailed photograph of the equipment arrange- 
ment for submerged-arc welding. 

In depositing the weld metal, either by submerged-arc 
or manual-are welding, the jig and specimen (and sub- 


merged-arc flux) were slowly brought up to the specified 
preheat temperature and held at temperature approxi- 
mately five minutes. After depositing the first pass of 
weld metal, the assembly was allowed to dissipate the 
heat. Upon returning to the initial preheat tempera- 
ture, the second pass was deposited. Thus in the wheel- 
and-bucket weld test, the interpass temperature was the 
same as the preheat temperature. The only exception 
was in the case of no preheat (base metal initially at room 
temperature) where an interpass temperature of 150° F. 
was used. 

Welding the wheel-and-bucket design test specimens 
by the submerged-are process required considerable care 
because of the short length of the test joint. The 8-in. 
long specimen permitted only a travel distance of 2 in. in 
which to adjust the controls of the machine. Wide vari- 
ations in the cross-sectional shape of the weld deposit 
could be effected by seemingly small changes in welding 
conditions. The deposits could be generally classified 
into two common shapes; a “‘narrow’’ bead having verti- 
cal sides which terminated in a rounded root, and a 
“wide” bead having a wide top surface and tapering sides 
to a root point. A number of fabricators preferred the 
narrow deposit because they felt the wide deposit was 
hyper-sensitive to radial notch extension because of the 
relatively thin section adjacent to the interbucket junc- 
tion at the surface. 


U37—Timken Alloy Wheel, Hastelloy ‘‘B’’ Buckets 


U37—Timken Alloy Wheel, Hastelloy “B’’ Buckets, Type 
316 Electrode 


Fig. 7—Typical Wheel-and-Bucket Design Test Specimens Welded by the Submerged-Arc Process. 


Beads Are ‘‘Wide” Type Deposits. As-welded Plate Above, Macro Etch Specimens Below 
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U39—Uniloy 19-9DL Wheel, S816 Alloy Buckets 


U39—Uniloy 19-9DL Wheel, S816 Alloy Buckets, 


Type 316 
Electrode 


US52—Timken Alloy Wheel, Vitallium Alloy Buckets, Type 
Electrodes 


Fig. 8—Typical Wheel-and-Bucket Design Test Specimens Welded by the Submerged-Arc Process. Weld 
Beads Are ‘‘Narrow’’ Type Deposits. As-welded Plate Above, Macro Etch Specimens Below 


In a given set of conditions for submerged-are welding, 
the factor which has the greatest influence on the deposit 
shape is the distance between the rod and work during 
deposition or, from another viewpoint, the closed circuit 
voltage. In general, the smaller the gap between rod and 


work, the lower the welding voltage and the deeper the 


penetration. Conversely, the larger the gap, the higher 
the welding voltage and the shallower the penetration. 
Weld beads made under the latter conditions often show 
“secondary melting,’’ whereby the metal at the surface 
melts at an accelerated rate to form sharp protuberances 
on either side of the deposit at the surface. When weld- 
ing wheel-and-bucket specimens, if a closed circuit volt- 
age of approximately 29 or greater were used, a “‘wide"’ 
bead such as shown in Fig. 7 would be deposited. If the 
closed circuit voltage was approximately 25 to 29, a 
‘narrow’ bead like that shown in Fig. 8 would be secured. 

It was found in preliminary work that differences in the 
physical characteristics (melting point, thermal conduc- 
tivity, etc.) of the various base metal alloys caused vari- 
ations in the size and shape of the weld deposit. This 
precluded the use of one set of prescribed welding con- 
ditions for all test specimens. Therefore it was neces- 
sary to strive for a given cross-sectional bead size and ge- 
ometry. Since the ‘‘wide” type deposit appeared to be 
most sensitive to the defect of primary interest, that is, 
the interbucket junction extension crack, it was decided 
to make test specimens in triplicate; two with a ‘“wide”’ 
and one with a “narrow” weld deposit. Complete mas- 
tery of securing the desired type of deposit at will was 
never quite obtained because of the changes in welding 
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properties from one combination of alloys to the next, 
and the extremely short time permitted for adjusting the 
welding machine controls. 

The range of welding conditions used in preparing 
wheel-and-bucket specimens by the submerged-are proc- 
ess are indicated below. 


Submerged-Arc Process 
Conditions for Conditions for 
“Narrow” Type “Wide” 
Weld Deposit Weld Deposit 
Current,-amp. 550-600 650-700 
Closed circuit, v. 30-35 
Travel speed, in./min. 2: 20 
Heat input, joules/in. Approximately Approximately 
42,000 67,000 


Submerged-are welded specimens were identified by 4 
letter ‘‘U”’ prefix on the test plate number. 

Welding the wheel-and-bucket specimens by the man 
ual-are process presented no particular difficulty. The 
joint was filled with weld metal by depositing five full- 
weave layers on each side of the double-U opening. A 
copper back-up bar was used to guard against excessive 
penetration by the first or root pass. The sequence vi 
layers was to deposit successive beads on alternate sides. 
Figure 9 illustrates a typical welded test plate and tlic 
shape of the weld joint as revealed by a macro etch speci 
men. The conditions used for welding wheel-and- 
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bucket specimens by the manual-are process are shown 


belc 


———Manual-Are Process 
Remaining 


Root Pass Passes 
Current,-amp. 128 110 
S Closed circuit, v 28 25 
Travel speed, in./min. 9 8 


Approximately 
23,000 


Approximately 
21,000 


Heat input, joules/in. 


Manual-are welded specimens were identified by a 
letter ““M”’ prefix on the test plate number. 

A few remarks can be made regarding the direction of 
travel in welding the wheel-and-bucket specimens. 
When using the submerged-arc process, the top and bot- 
tom weld beads were deposited in opposite directions of 
travel in all specimens except those in Section VII where 
the rhombic bucket design was studied. Here, the di- 
rection of travel was varied in relation to the direction in 
which the bucket interfaces slanted to determine the in- 
fluence of this relationship upon junction extension crack- 
ing. When using the manual-are process, all passes or 
beads on a given side were deposited in the same direc- 
tion, but the general direction of travel for the top of the 
joint was opposite of that for the bottom of the joint. 


This same procedure was employed in manual-are weld- 


ing the specimens containing the rhombic shape buckets 


Fig. 10—Test Plate No. U-36 Welded by Submerged-Arc 
Process Showing Appearance of Interbucket Junction Extension 
Cracking on Flush-Ground Surface of the — Weld Bead 


TT 7 “ COQ] 
U36 iimxen illoy wheel, 510 alloy t 


s, Type 316 electrode 


However, in both specimens the travel of welding on each 
side was in the same direction as the upward slope of the 
bucket interfaces. 


Examination Procedure 


The procedure for examining the welded wheel-and- 
bucket specimens is illustrated in Fig. 2 and described in 
detail in the following paragraphs. 

Macro etch specimens were prepared from the discard 
portions at each end of the test plate. These specimens 
were examined under a 25-power microscope for base and 
weld metal defects. In the case of submerged-arc welded 
specimens, planimeter measurements were made to de- 
termine the percentages of wheel, bucket and filler metals 
in the weld deposit. The test plate in either case, after 
removal of the discard portions, was 4 in. long and con- 
tained eight buckets. 


M27-—Timken Alloy Wheel, Vitallium Alloy Buckets 


M27—Timken Alloy Wheel, Vitallium Alloy Buckets, Type 316 


Electrode 


M28—Timken Alloy Wheel, Vitallium Alloy Buckets 
Electrode 


Type 316 


Fig. 9—Typical Wheel-and-Bucket Design Test Specimens Welded by.the Manual-Arc Process. As-welded 
Plate Above, Macro Etch Specimens Below 
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Radiographic examination was made of the 4-in. long 
test plate. An X-ray exposure was made normal to the 
plate surface. A penetrameter made of N155 alloy rep- 
resenting 2% of the test specimen thickness was placed 
on the weld joint. 

Measurement of interbucket junction extension cracking 
first was attempted by grinding the top and bottom weld 
beads flush with the wheel and bucket surfaces and ex- 
amining the seven interbucket junctions on both top and 
bottom with a 25-power microscope. The ground sur- 
face was finished with a No. 1 grit metallographic paper, 
and any extension of the junction into the weld metal was 
measured by a scale graduated in 64ths of an inch which 
was viewed under the microscope alongside the crack. 
Figure 10 is an example of a typical specimen finished by 
this method. Severe cracks can be seen extending from 
several of the interbucket junctions. This technique for 
measuring the amount of cracking in a specimen was dis- 
continued when it was found that the test values could 
easily be in error for two reasons. First, flowed metal on 
the ground and sanded surface occasionally partly or en- 
tirely concealed the crack. Second, the point of maxi- 
mum crack extension often occurred at the center of the 
weld joint rather than the top or bottom surfaces. 

Some consideration was given to a method of crack 
measurement whereby the test plate would be cut into a 
three-layer “‘sandwich’’ to permit measurements at four 
additional levels through the */,-in. thick section. This 
method was undesirable because of the time required for 
cutting and grinding. 

The technique finally adopted for measuring the extent 
of cracking was the ‘‘nick-fracture’’ method. The pro- 
cedure for each test plate consisted of first removing a 
section 1'/, in. long (embracing three buckets) from one 
end for use in metallographic work. Then the wheel side 
of the remaining plate (embracing five buckets) was 
trimmed off to a distance 5/; in. from the edge of the weld 
bead. Nicks were saw-cut into the weld metal from the 
wheel side at points opposite each interbucket junction. 
A chisel was then driven into each junction to force a fis- 
sure to propagate across the weld and remove the bucket. 
It was important to have each saw-cut or nick from the 
wheel side deep enough to weaken the weld metal section 
so that a fracture occurred transversely through the weld 
metal and not through the body of the bucket. Yet the 
saw-cut could not approach too closely to the interbucket 
junction, or any extension from it, because of the possi- 
bility of obliterating a deeper portion of the crack some- 
where below the surface. A rather fine balance existed 
between these factors, especially where brittle cast buck- 
ets were involved, and a number of junction extension 
cracks were unavoidably mutilated by sawing too far. 

The nick-fracture method of preparing wheel-and- 
bucket test plates for measurement of interbucket junc- 
tion extension cracking was very desirable because of the 
certainty with which the defect could be seen. Upon ex- 
amining with low-power microscope, the fusion line ap- 
peared as a sharp line of demarcation between the smooth 

ground bucket surface and the rough, cracked or fractured 
weld metal. Any interbucket junction cracking which 
extended from this fusion line was readily discernible by 
two features. Because the cracks initiated and propa- 
gated at an elevated temperature, their surfaces were oxi- 
dized to a dark blue color. In addition to the temper 
color, the surface characteristics of the cracks were no- 
ticeably different from that of the deliberate fracture. 
The latter was generally bright and silky, while the hot 
cracks frequently displayed a fibrous or dendritic pat- 
tern. A typical bucket removed by the nick-fracture 
method for measurement is shown in Fig. 11. The 
actual measurement was carried out by viewing the speci- 
men under a low-power microscope with a scale gradu- 


394-s 


WELDING RESEARCH SUPPLEMENT 


apr 

of 4 

fiss 

TOP BEAD ent 

line 

WHEEL, Ra 

BOTTOM BEAD ] 

X- 

ZZ WELD for 
NICK & FRACTURE lim 
NOTCH EXTENSION eve 

Fig. 11—Bucket Removed from Test Plate No. U-43 by Nick. bu 
Fracture Technique. Note That Maximum Extension Cracking = 
Has Occurred Near Center of Section Rather Than at the 
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roc 

ated in 64th of an inch laid across the fractured face, re 
The penetration of the extension crack or its depth from tec 
the fusion line was not too irregular, and it was an easy su 
matter to note the maximum depth at some point along of 
the fusion line. tit 
Metallographic specimens were prepared from at least an 
one test plate from each combination of alloys when = 
welded by each process. Further selections were made ot! 
of test plates to compare “narrow” and ‘‘wide”’ weld dis 
beads in a particular combination of alloys, and of test sp 
plates which produced abnormal deviations from the de 
average in interbucket junction cracking values. nis 


It has already been mentioned that a section 1'/, in. 
long embracing three buckets was removed from one end 
of each test plate for metallographic work. Two pol- 
ished specimens were prepared from each section selected 
for study; a transverse specimen across the weld joint, 
and a longitudinal specimen which was polished on the 
flush-ground surface of the top weld deposit. This 
specimen included one interbucket junction. 


Test Results 


Macro Etch Tests 


The macro etch test specimens, which were prepared 
from the discard portions at each end of the wheel-and- 
bucket test plates, revealed only a few kinds of defects, 
and a limited number of them. 

Fissures in the weld metal were the most prevalent de- 
fect. These defects were intergranular and varied in 
size from micro-fissures discernible only with a 25-power 
microscope to large cracks readily visible to the naked 
eye. 

Cracks from the base into the weld metal were found in 
four test plates; two made with cast buckets of Vitallium 
alloy, and two with cast buckets of 6059 alloy. These 
cracks appeared to initiate intergranularly in the heat- 
affected zone of the cast bucket metal and then propa- 
gate into the weld metal. 

Fuston line cracks were found in three test plates. 
Two of these contained Hastelloy “B’’ buckets manual- 
arc welded with Type 316 weld metal, and one contained 
6059 alloy buckets manual-arc welded with Type 316 
weld metal. These defects were located exactly on the 
sharp line of demarcation between the weld metal and 
bucket metal. 

Of course, small slag pockets and blowholes were found 
occasionally, but their appearance did not seem to be 
associated with any particular alloys or combinations ol 
alloys. A complete summary of the defects found in the 
macro etch test specimens was studied, but there did not 
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appear to be any correlation between the susceptibility 
of a particular weld metal to develop intergranular micro- 
fissures and its propensity to interbucket junction exten- 
sion cracking. Preheat temperature also had no appar- 
ent influence on the development of micro-fissures, fusion 
line cracks or heat-affected ‘zone cracks. 


Radiographic Examination 


Examination of the wheel-and-bucket specimens by 
X-ray inspection did not prove fruitful. In fact, the in- 
formation secured from this phase of the work was so 
limited that this part of the examination procedure was 
eventually discontinued. Of the total of 103 wheel-and- 
bucket specimens made, approximately 50, or one-half, 
were subjected to X-ray examinaton. 

In the specimens examined, the radiographs disclosed 
a few cases of entrapped slag and an occasional unfused 
root face, neither of which were defects of real impor- 
tance. The fissures in the weld metal, cracks in the 
fusion line and heat-affected zone of the base metal de- 
tected in the macro etch examination were apparently of 
such size and shape as not to be detected by the method 
of X-ray examination used. The radiographs were of 
little value in determining the length of interbucket 
junction extension cracks. The cracks in the top and 
bottom weld beads were, of course, superimposed on each 
other, which made interpretation difficult. Even more 
discouraging, however, was the finding of a number of 
specimens which contained junction cracking to a severe 
degree as seen on the flush-ground weld surface or by 
nick-fracture examination, while the radiographs revealed 
cracking to a much smaller degree. It was deduced from 


Table 6—Summary of Test Values for Interbucket Junction Extension Cracking 


Preheat Submerged-Arc Manual-Arc 
Wheel Metal Bucket Metal Weld Filler Metal Temperature, ° F. Welded Welded 
Section I—Influence of Preheat Temperature 
Timken 16-25-6 S816 Type 316 (1) 75 12.2 5.0 
Timken 16-25-6 S816 Type 316 (2) 300 10.6 6.0 
Timken 16-25-6 $816 Type 316 (3) 600 14.6 5.1 
Timken 16-25-6 $816 Type 316 (4) 1000 8.2 6.3 
Section II—Weldability of Buckei Alloys 
Timken 16-25-6 1 Timken 16-25-6 Type 316 600 1.0 rT 
Timken 16-25-6 2 Hastelloy “B”’ Type 316 600 1.8 2.0 
Timken 16-25-6 3 S816 Type 316 600 14.6 5.1 
Timken 16-25-6 4 Vitallium (Source A) Type 316 600 7.9 2.2 
Timken 16-25-6 5 Vitallium (Source B) Type 316 600 9.5 2.4 
Timken 16-25-6 6 Vitallium (Source C) Type 316 600 4.6 (2) 4.0 (3) 
Timken 16-25-6 7 6059 Type 316 600 12.4 + 
Timken 16-25-6 8 422-19 Type 316 600 10.3 2.8 
Timken 16-25-6 9 X40 Type 316 600 15.7 5.7 
; Section II1I—Weldability of Alloys for Cold Type Wheels 
Uniloy 19-9DL Hastelloy ‘‘B’”’ Type 316 600 ni 4.4 
Uniloy 19-9DL $816 Type 316 600 10.5 7.0 
Uniloy 19-9DL 422-19 Type 316 600 19.4 (2) 8.0 
Uniloy 19-9DL X40 Type 316 600 19.5 (1) 8.9 
Section IV—Weldability of Alloy Combinations for Hot Type Wheels 
1 S816 S816 S816 600 4.3 1.4 
2 S816 S816 Hastelloy “B”’ 600 3.2 5.9 
3 $816 X40 Hastelloy ““B”’ 600 13.5 6.7 
ca Section V—Weldability of Weld Filler Metals 
Timken 16-25-6 S816 Hastelloy “B”’ 600 2.0 5.1 
Section VI—Weldability of Alloys for Both the Buckets and Wheels of Gas Turbines 
N155 N155 N155 600 5.1 5.5 
5990 S590 S590 600 2.7 5.5 
3 Section VII—Influence of Bucket Design 
S590 $590 (Special Rhombic $590 600 2.1 1.6 


Bucket) 


sy. 4 
Values for submerged-are welded tests are an average from at least three specimens, and values for manual-arc welded tests are an 
average from two specimens, unless indicated otherwise by a figure in parentheses. 


this evidence that some destructive form of sampling or 
testing was necessary in order to measure the extent of 
this defect. 


Data on Interbucket Junction Extension Cracking 


Test values expressing the amount of interbucket junc- 
tion extension cracking found in each individual wheel- 
and-bucket specimen are not included in this present 
article because of the large space required for the data. 
Table 6 is a summary of test values wherein an average of 
results from all specimens of a single combination and 
welding condition are shown. The original test value for 
each specimen represented measurements made by the 
nick-fracture technique on five interbucket junctions, or 
ten points of measurement, considering that each junc- 
tion intersected a top and bottom weld bead. The 
values on a small number of test specimens represented 
an average of less than ten measurements as a conse- 
quence of obliterating the extension cracks by sawing too 
deeply into the specimen for the nick-fracture operation. 

In a single weld bead, the lengths of the cracks opposite 
the five interbucket junctions were reasonably consistent, 
and therefore, the practice of totaling these lengths was 
adopted for convenience in reporting. The numerical 
rating for expressing extension cracking severity was 
simply the average extension per junction expressed in 
64th inches. 

When studying the data from submerged-are welded 
specimens, consideration was given to the shape of the 
weld deposits in the specimens. Mention has already 
been made in the section titled ‘Test Procedure” that 
the fabricators of welded bladed rotors suspected the 


Average Extension per Junction, 
64th Inches* 
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wide-shape deposits were more susceptible to junction 


cracking than the narrow-shape deposits. The shapes of 
the deposits were noted as “wide” or “narrow” when 
examining the macro etch test pieces from each end of the 
weld specimen. It was evident from the data that the 
suspicion of the fabricators has some founding, for a few 
of the combinations of alloys did show an increased sus- 
ceptibility to cracking with wide deposits. Alloys S816, 
Vitallium, 6059 and X40, when employed as bucket ma- 
terials in the control combination, all appeared to pro- 
mote this increased cracking in wide-shape deposits. 
Figure 12 illustrates this tendency. However, the ma- 
jority of alloy combinations gave similar results with 
both wide and narrow shape deposits. No distinction is 
made in Table 6 between submerged-are welded plates 
having ‘‘wide’’ or “‘narrow’’ weld beads. 

The agreement between test values from duplicate test 
specimens was somewhat better in the case of manual-are 
welded specimens than the submerged-are welded speci- 
mens. One possible explanation lies in the chemical 
composition of the weld beads. When depositing metal 
by the submerged-are process, the penetration into the 
base metal is quite deep, and the weld melt is normally 
made of approximately one-third each of wheel metal, 
bucket metal and electrode filler metal. Obviously, in a 
joint composed of widely dissimilar metals, a small 


396-s 


WELDING RESEARCH SUPPLEMENT 


Fig. 12—-Wheel-and-Bucket Design Specimen No. U-49 (Timken 
Wheel, Vitallium Buckets, Type 316 Filler), Welded by the 
Submerged-Arc Process. Note That Weld Beads Change from 
“Wide” Type Deposit at Start, to “Narrow” Type Deposit a! 
Finish. Interbucket Extension Cracks Are More Severe in 
“Wide” Portion of Weld Beads 


U49—Timken alloy wheel, Vitallium alloy buckets (top); U49— 
Timken alloy wheel, Vitallium alloy buckets (bottom); U49—Timken 
alloy wheel, Vitallium alloy buckets, Type 316 electrode (let 


change in the shape of the bead, or its position in relation 
to the joint center line, can result in an appreciable 
change in composition. Further discussion on variation 
in submerged-are weld deposit composition is presented 
later. On the other hand, when using the manual-arc 
process the shape and position of the weld deposit is 
governed largely by the bevel or preparation of the joint 
The penetration into the base metal is relatively shallow, 
and the amount of base metal contained in the weld melt 
seldom exceeds 20%. Therefore, the manual-are de- 
posits are expected to be more consistent in composition 
from one specimen to the next. 


Metallographic Examination 


Microstructure of Base Metals.—All of the alloys u- 
cluded in this project had microstructures which were 
similar in the sense that their matrix consisted of austen- 
ite (or “austenite-like,”’ since several alloys were non- 
ferrous) grains. The structures differed only in the 
amount and mode of distribution of carbides and other 
complex compounds throughout this matrix. In some 
cases, clusters of a few small carbides or compounds were 
scattered throughout the structure. Those materials 
which were heavily alloyed with carbon, tungsten, co- 
lumbium, etc., contained a greater number of carbides or 
other compounds which in most instances were distri- 
buted both intragranularly and intergranularly. 

The microstructures which developed in the heat- 
affected zone of the base metals and at the weld-base 
metal fusion line were exceedingly complex. A study ol 
these structures could easily be an investigation by itsel!; 
and an important one too, for the tendency of a weld 
joint to develop fusion line cracking is no doubt associ- 
ated with the structure at this point. 
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Fig. 13—Microstructure of Undiluted N155 Alloy Weld Metal. 
Consists of Austenite Grains and Complex Carbide-Like 
Compounds. Etchant: Chromic Acid Electrolytic. >< 500 


Microstructure of Weld Metals—Because of infor- 
mation that has been brought forward during recent years 
on the relationship between the microstructure of aus- 
tenitic weld metal and its susceptibility to hot cracking, 
the weld metal in the wheel-and-bucket specimens re- 
ceived special attention in the metallographic exami- 
nation. Among those who have studied the subject, it is 
generally agreed that the presence of some delta ferrite in 
an otherwise austenitic weld metal structure markedly 
reduces the susceptibility to cracking; more specifically, 
to intergranular micro-fissures which occur at an ele- 
vated temperature. Since the inception of this investi- 
gation, some concerns have adopted the use of an elec- 
trode which deposits weld metal containing a substantial 
amount of delta ferrite in an austenitic matrix. They 
report that the severity of interbucket junction extension 
cracks is appreciably less with an electrode of this kind. 
Unfortunately, the influence of the delta ferrite constitu- 
ent could not be observed in this present investigation be- 
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Fig. 15—Typical Intergranular Micro-Fissure in Austenitic 
Weld Metal. Test Plate No. M-32 (Timken Wheel, X40 Buckets, 
Type 316 Filler). Etchant: Mixed Acids in Glycerol. x 100 
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Fig. 14—Microstructure of Undiluted A.LS.I. Type 316 Weld 


Metal. Consists of Austenitic Matrix, Few Carbides and 
Pools of Delta Ferrite. Etchant: Chromic Acid, Electrolytic. 
x 500 


cause all of the weld metal deposits were strictly austeni- 
tic, that is, they contained no delta ferite. 

Preparatory to using the five weld filler metals as flux 
coated metal-are electrodes in this investigation, the 
microstructure of the weld pad deposited for chemical 
analyses was examined. Four of the alloys, namely 
Hastelloy “‘B,’’ N155, S590 and S816, formed weld metal 
which consisted of grains of austenite and carbides. Fig- 
ure 13 is a photomicrograph of N155 alloy weld metal 
showing the austenitic matrix containing large carbide- 
like compounds. The remaining alloy, A.I.S.I. Type 
316, consisted of austenite, carbides and a very small 
amount of delta ferrite. Figure 14 illustrates the undi- 
luted Type 316 weld metal containing delta ferrite. 
Nevertheless, neither the manual-are deposits nor the 
submerged-are deposits of Type 316 weld metal in the 
wheel-and-bucket test joint contained delta ferrite be- 
cause the alloying elements picked up by penetration into 
the base metals were predominently austenite-formers and 


Type 316 Weld Metal Vitallium Bucket Metal 


te 


Fig. 16—Crack Extending from Base Metal Into Weld Metal. 
Test Plate No. M-30 (Timken Wheel, Vitallium Buckets, Type 
316 Filler). Etchant: Mixed Acids in Glycerol. x 100 
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Fig. 17—Crackirig Along Fusion Line Between 422-19 Alloy 
Bucket and Type 316 Weld Metal. Test Plate No. M-34. 
Etchant: Mixed Acids in Glycerol. x 100 


these elements suppressed the formation of delta ferrite. 
The microstructure of the weld metal deposits in all of the 
test plates, therefore, consisted of grains of austenite and 
varying amounts of carbide-like compounds which solidi- 
fied as low-melting inter-dendritic segregates. The 
latter feature of the weld metal microstructure will be 
discussed in greater detail later. 

Examination of Wheel-and-Bucket Specimens.—The 
first step taken in examining the metallographic samples 
prepared from wheel-and-bucket specimens was to study 
some of the minor defects which were noticed in the 
macro etch test specimens. 

Weld metal fissures found in the weld metal of random 
specimens appeared to be the characteristic intergranular 
micro-fissures which are sometimes found in austenitic 
stainless steel weld deposits. It is known that they are 
particularly prone to occur if the weld metal is strictly 
austenitic, i.e., contains no delta ferrite, and especially if 
the phosphorus content is high. The actual fissuring is 
believed to take place at elevated temperatures. Figure 
15 is a photomicrograph of a typical intergranular micro- 
fissure found in the weld metal of Test Plate No. M-32 


Fig. 18—Microstructure at Base of Interbucket Junction. Note 

Variation in Dendritic Formation and Orientation. Test Plate 

No. U-104 (Timken Wheel, S816 Buckets, Type 316 Filler, 1000° 

F. Preheat). Average Extension Cracking Value, 8.2. Etchant: 

Mixed Acids in Glycerol. X 100, Reduced 40% in Reproduc- 
tion 


Weld Metal 


WELDING RESEARCH SUPPLEMENT 


which consists of Type 316 filler metal dey ositeg 
between Timken wheel and X40 bucket «loys 

Base metal-to-weld metal cracks as observed 
in four macro etch test specimens, proved to 
be a rarity, since none were found in th: regu. 
lar metallographic samples. To secure pictoria| 
evidence of this type of defect, a macro etch test 
specimen which contained a crack from the base 
metal into the weld metal was ground ani pol- 
ished as a metallographic sample. The simple 
represented a Timken wheel, Vitallium buckets 
and Type 316 weld metal. Figure 16 is a photo- 
micrograph of the crack, The defect initiates 
in a grain boundary of the cast bucket meta] 
adjacent to the weld, and propagates for some 
distance into the weld metal. 

Fuston-line cracks were detected in one new 
sample by metallographic examination in addj- 
tion to the three cases found in the macro 
etch tests. In each instance, the cracking was 
not severe, but extended only a very short 
distance, perhaps */,5 in., along the fusion line. 
Although it could not be determined with 
absolute certainty, these fusion line cracks did 
not appear to propagate as a right angle exten- 
sion of an interbucket junction crack, but from 
all indications, they initiated and terminated 
within the complex structure created by the commingling 
or diffusion of the bucket and weld metals. Figure 17 
is a photomicrograph showing a typical fusion line crack 
between 422-19 bucket alloy and Type 316 weld metal 
in a manual-are welded specimen. 

Interbucket junction extension cracks were studied by 
selecting appropriate groups of spegimens and compar- 
ing the nature of their weld metal microstructures and 
the manner in which the extension cracks - propagated 
through these structures. 

It was obvious from the start, that the presence of the 
interbucket junctions in the bucket side of the weld joint 
functioned as minute gaps which disturbed the thermal 
flow from the solidifying weld metal. The weld metal 
directly opposite these junctions or gaps, naturally, would 
have a retarded rate of solidification. This condition 
very likely would provide an opportunity for cracking to 
occur when longitudinal tensile stresses began to build up 
in the weld metal upon solidification and cooling shrink- 
age. Itseemed that either or both of the following mech- 
anisms could take place: (1) The junctions may possi- 
bly propagate through partially liquid-partially solid 


Fig. 19—Stringer-Like Segregation Associated with a Severe 

Junction Extension Crack in Test Plate No. U-70 (S816 Wheel, 

X40 Buckets, Hastelloy “‘B’’ Filler). Average Extension Crack- 

ing Value, 13.5. Etchant: Mixed Acids in Glycerol. 100, 
educed 40% in Reproduction 
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macro Fig. 20—Severe Extension Crack and Stringer-Like Segrega- 
ny was tion in Test Plate No. U-36 (Timken Wheel, $816 Buckets, 
ol he Type 316 Filler). Average Extension Cracking Value, 14.6. 
short Etchant: Mixed Acids in Glycerol. 100, Reduced 40% in 
mn line. Reproduction 
1 with 
*ks did weld metal, and/or (2) the slower cooling rate may lead 
exten- to the segregation of low-melting constituents at this 
t from point whose presence might favor the propagation of 
Linated junction extension cracks. Evidence of structural vari- 
ingling ation at this point is presented in Fig. 18, which shows 
rure 17 the structure of the weld metal directly opposite an inter- 
> crack bucket junction in Test Plate No. U-104 (Timken wheel, 
metal S816 buckets, Type 316 weld, 1000° F. preheat). The 
specimen, incidently, also has a long junction extension. 
ied by This example, although somewhat more exaggerated 
ym par- than found in specimens welded at a preheat temperature 
es and of 600° F. clearly shows the sharp changes that can 
agated occur in dendritic formation and grain orientation at this 
location. 
of the The next point confirmed by metallographic exami- 
d joint nation was that segregation could, and often did, occur in 
hermal the weld metal extending from the base of the interbucket 
metal junctions. The nature of this segregate did not seem to 
would be new or unusual, but appeared to represent an accumu- 
ndition lation of the usual complex carbides and compounds in 
king to the form of transverse stringers, in addition to the normal 
uild up small interdendritic pools. These stringers ran in dis- 
shrink- continuous fashion deep into the weld metal, and often 
t mech- two or three could be found adjacent to each other in 
r possi- rough parallelism. An important fact is that they could 
y solid be found in the weld only opposite the interbucket junc- 


tions. Even more important, whenever these stringer- 
like segregations appeared, they were accompanied by a 
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severe 
sen Fig. 22—Rectangular Area in Figure Above at Higher Magni- 
100 fication. Traces of Segregate Can Be Seen Along Extreme 
, Edges of Crack on Left Hand Side. Etchant: Mixed Acids in 
Glycerol. x 500, Reduced 40% in Reproduction 
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Fig. 21—-Severe Extension Crack in Test Plate No. U-38 (Tim- 

ken Wheel, S816 Buckets, Type 316 Filler). Note Stringer-Like 

regation Below Crack. Average Extension Cracking 

Value, 14.6. Etchant: Mixed Acids in Glycerol. x 100, 
Reduced 40% in Reproduction 


severe junction extension crack which evidently had 
propagated for the most part along these lines of segre- 
gation. Figure 19 shows a severe extension crack in 
Test Plate No. U-70 (S816 wheel, X40 buckets, Hastelloy 
“B” weld) with two lengthy stringer-like segregations 
just below the crack. Several traces of other stringer- 
segregates can be seen in more intimate association with 
the crack. More evidence of this kind can be seen in 
Fig. 20 which shows a severe extension crack and 
stringer-like segregation in Test No. U-36 (Timken wheel, 
$816 buckets, Type 316 weld). 

Because the stringer-like forms seen under the micro- 
scope were very minute, it appeared wise to gather proof 
that they were bona fide segregated constituents, and not 
some entirely different condition, for example, hot 
cracking in the very early stages and masquerading 
under etching stain. Figure 21 is a photomicrograph at 
a magnification of 100 X showing a severe extension 
crack in Test Plate No. U-38 (Timken wheel, S816 buck- 
ets, Type 316 weld). A stringer-like segregate can be 
seen near the lower edge of the crack, and a portion of the 
field has been marked off in a rectangle. Figure 22 
shows the rectangular area at a magnification of 500 
xX. At this magnification enough detail is revealed of 
the stringer-like configuration to show that it is a micro- 
structural constituent. However, an even more impor- 
tant detail to note in this photomicrograph is the pres- 
ence of the constituent along the extreme edge of the 


Fig. 23—-Microstructure of Weld Metal in Test Plate No. U-41 

(Timken Wheel, Timken Buckets, Type 316 Filler) Which Pro- 

duced Least Junction Extension Cracking. Average Ex- 

tension Cracking Value, 1.0. Etchant: Mixed Acids in Glycerol. 
< 100, Reduced 40% in Reproduction 
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Fig. 24—Microstructure of Weld Metal in Test Plate No. U-79 

(Timken Wheel, Hastelloy ‘‘B’’ Bucket, Type 316 Filler) Which 

Produced Small Amount of Junction Extension Cracking. 

Average Extension Cracking Value, 1.8. Etchant: Mixed Acids 
in Glycerol.” x 250, Reduced 40% in Reproduction 


crack on the left hand side. This} obviously, is further 
proof that the extension cracks are closely associated 
with the stringer-like segregation. 

Guided by this evidence, the metallographic study was 
continued by examining a series of samples which dis- 
played progressive increases in extension cracking se- 
verity. From this series, Figs. 23, 24 and 25 have been 
prepared, which. establish an approximate relationship 
between junction extension cracking, weld metal micro- 
structure and micro-segregation. 

Figure 23 is a photomicrograph of an interbucket junc- 
tion in Test Plate No. U-41 (Timken wheel, Timken buck- 
ets, Type 316 filler). It will be recalled that this par- 
ticular combination of materials gave the lowest junction 
extension cracking test values of any obtained, an aver- 
age of 1.0. A crack can be seen extending from the ter- 
minus of the interbucket junction to a depth less than 
‘/e, of aninch. Because the weld metal is comparatively 
simple in composition, that is, containing low carbon and 
no formers of complex compounds like columbium or 
tungsten, the structure is practically free of interdendri- 
tic segregates. 

Figure 24 shows a junction in Test Plate No. U-79 
(Timken wheel, Hastelloy “B’’ buckets, Type 316 filler). 
In this case the weld metal structure contains a small 
amount of interdendritic segregation which most likely 
is a result of the dilution by the Hastelloy ‘‘B’’ bucket 
metal. This bucket material would contribute a large 
amount of nickel to the weld metal which would most 
likely shift the eutectic point and bring about an increase 
in the amount of compounds formed upon solidification. 
The average crack extension for this combination of 
materials was slightly greater than the combination 
employing Timken alloy buckets mentioned in the pre- 
ceding paragraph, being 1.8, and indeed, the crack in Fig. 
24 extends to a slightly greater depth than in Fig. 23. 
However, it is even more interesting to note the peculiar 
path of the crack in Fig. 24, for it appears to be following 
the interdendritic pools instead of taking a blunt course 
like the crack in Fig. 23. 

Figure 25 shows a somewhat larger extension crack in 
Test Plate No. U-75 (S816 wheel, S816 buckets, Hastel- 
loy “‘B”’ filler). The weld metal here, besides containing 
Cr, Ni and Mo, is richly alloyed with Co, W, Cb and V, 
and consequently its microstructure displays a substan- 
tial amount of interdendritic segregation. The average 
crack extension value for this combination of materials 
was 3.2 

For examples of test plates which contained larger ex- 
tension cracks, reference can be made again to Figs. 19 
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Fig. 25—Microstructure of Weld Metal in Test Plate No. U-75 
(S816 Wheel, S816 Buckets, Hastelloy 'B’’ Filler) Which Pro. 
duced Moderate Amount of Junction Extension Cracking. 
Average Extension Cracking Value, 3.2. Etchant: Mixed 
Acids in Glycerol. X< 100, Reduced 40% in Reproduction 


and 20. As already pointed out in these instances, the 
weld metal not only contains a substantial number of 
small complex compounds distributed as inter-dendritic 
segregation, but long stringer-like segregations have been 
formed at the base of the interbucket junctions and their 
presence is apparently of considerable assistance in the 
propagation of severe junction extension cracks. 

So far, all the evidence presented has consisted of 
specimens prepared by the submerged-are process. 
Examination of specimens welded by the manual-arc 
process revealed practically the same conditions, but on a 
reduced scale. It will be recalled that for a given com- 
bination of materials, manual-arc welded test plates, in 
general, developed less severe extension cracks than sub- 
merged-are welded test plates. This is a logical con 
dition in light of the observations made concerning the 
microstructure of the weld metal. In the submerged- 
are process deep penetration is made into the base metals 
and a weld melt of considerable size is formed. Under 
these conditions, the pick-up of alloying elements by the 
weld metal from the base metal is great, and the solidifi- 
cation and cooling rate is rather slow. On the other 
hand, in metal-are welding the penetration into the base 
metal is relatively shallow and the alloy pick-up is small. 
The comparatively thin weld metal layers that are cle- 
posited, naturally, cool very fast. Therefore, it would be 
expected that the differences in alloy pick-up and cooling 
rate would bring about more pronounced segregation in 
the submerged-arc deposits. 

To illustrate the difference between the microstructure 
of submerged-are and manual-are weld metals, deposited 
as the same combination of wheel, bucket and filler 
metals, Figs. 26 and 27 have been prepared. Figure 26 
shows an extension crack in Test Plate No. M-43 welded 
by the manual-are process (S816 wheel, S816 bucket, 
Hastelloy ‘‘B’’ filler) and may be compared with Fig. 2 
which represents the same combination welded by thie 
submerged-are process. Note that a decidedly smaller 
amount of interdendritic segregation is present in thie 
manual-are deposited metal, presumably because of the 
lesser amounts of chromium, tungsten, columbium, etc., 
picked up from the base materials. Figure 27 portrays 
the weld metal in Test Plate No. M-42 (S816 wheel, 
X40 buckets, Hastelloy ‘‘B’’ filler) and may be compare: 
with Fig. 19. In this case, although the manual-are de 
posit in Fig. 27 contains appreciably less interdendritic 
segregate, two traces of stringer-like segregation can be 
seen. However, the submerged-arc deposit in Fig. |") 
contains an appreciable amount of this type of segreg:- 
tion. 
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Study of Relationship Between Weld Metal Composition 
and Junction Extenston Cracking 


At this point in reviewing data from this investigation, 
an approximate relationship has been established between 
the microstructure of the weld metal and its suscepti- 
bility to interbucket junction extension cracking. 
Briefly, the extension cracking tendency slowly rises as 
the amount of interdendritic segregation of low-melting 
carbides and compounds increases. At some stage, 
stringer-like segregates may appear in the weld metal ex- 
tending from the base of the interbucket junctions, 
They lie transversely in the weld deposit and promote 
severe extension cracks. Since these changes in the mi- 
crostructure of the weld metal were determined, for the 
most part, by variations in weld metal composition, it 
appeared logical that a correlation also must exist be- 
tween the composition of the weld metal and its suscepti- 
bility to extension cracking. 

A problem which immediately confronted any study 
involving weld metal composition was; how could the 
weld metal composition be secured? The weld metal had 
picked up so much alloy from the base metal, especially 
in the case of submerged-are welding, that the electrode 
wire or filler rod analysis was of little value in indicating 
weld metal composition. It was too much of a task, by 
far, to analyze each and every weld deposit because of the 
time consumed in analyzing these complex alloy ma- 
terials. A solution to the problem which held promise 
was the calculation of weld metal composition from the 
known analyses of the wheel, bucket and filler metals 
using area measurements on the macro etch test speci- 
mens to ascertain the relative proportions of these three 
components melted into the weld deposit. 

The test data secured from submerged-are welded 
specimens was studied first, since these possessed a desir- 
able wide spread in both cracking values and chemical 
composition, and the large, one-pass weld deposits were 
easier to measure.’ The method which was outlined for 
use in calculating the submerged-arc weld bead com- 
position consisted of the following steps: (1) make plani- 
meter measurements on macro etch test specimens from 
each end of each test plate to determine the relative pro- 
portions of wheel, bucket and filler metals melted into the 
weld deposits, (2) total these proportionate amounts of 
the respective analyses of the three components and (3) 
alter these totals in accordance with the recoveries nor- 
mally sustained by each specific element during the sub- 
merged-are welding operation. 


Fig. 26—M‘crostructure of Weld Metal in Test Plate No. M-43 
(S816 Wheel, S816 Buckets, Hastelloy “B” Filler). Average 
Extension Cracking Value, 5.9. Note the Smaller Amount of 
Interdendritic Segregate Than Shown in Fig. 25 Because 
of Change in Welding Process. Etchant: Mixed Acids in 


In connection with the third step, it was believed that 
submerged-are deposits regularly show certain percentage 
losses (or gains) for various alloying elements just as do 
shielded-are weld deposits. To establish these approxi- 
mate percentage recovery figures for alloying elements, 
and at the same time verify the feasibility of calculating 
weld metal composition by this method, a number of 
single, top weld beads in wheel-and-bucket specimens 
welded by the submerged-are process were sampled and 
analyzed. Table 7 presents a comparison of the calcu- 
lated composition and the actual analysis for each ele- 
ment. The percent recovery is listed below these figures. 
The range of recoveries experienced, and average re- 
covery is also listed at the bottom of the table. 

By examining the data in Table 7, it can be seen that 
this method is not entirely satisfactory for securing the 
composition of submerged-are deposits because serious 
discrepancies exist between calculated and analyzed 
values for some of the important elements like carbon, 
cobalt, molybdenum and tungsten. A careful review was 
made of the procedure used in making these calculations 
to determine what errors may have accrued. The oper- 
ations which entered into the matter appeared to be: 


1. Drawing the wheel and bucket positions on the 
weld deposit of the macro etch specimens. 

2. Making the planimeter measurements. 

3. Determining the chemical composition of the base 
nietals and deposited weld metal. 

4. Sampling of the weld deposit. 


The first two operations appeared to be carried out with 
reasonable accuracy. Three planimeter measurements 
(each involved circling the area five times and then 
dividing by five) were made and an average of the three 
used in the calculations. The sampling operation was 
carried out with considerable care. The metal surround- 
ing the deposit to be sampled was cut off with an abrasive 
disk before milling chips for analyses. The five bucket 
pieces nick-fractured off the test plate were used in pre- 
paring weld deposit chips. 

After making this review, it was felt that the differ- 
ences between actual analyses and calculated compo- 
sitions were the result of variations in deposit shape from 
the starting point to the finishing end, and analytical 
errors. The variation in deposit shape appears to be re- 
sponsible for the majority of the differences. It was 
dificult to appraise the extent of this variation because 
many of the deposits could be measured for component 


Fig. 27—-Microstructure of Weld Metal in Test Plate No. M-42 


(S816 Wheel, X40 Buckets, Hastelloy ‘“‘B” Filler). Average 

Extension Cracking Value, 6.7. Compare Microstructure 

with That Shown in Fig. 19. Etchant: Mixed Acids in Glycerol. 
< 250, Reduced 40% in Reproduction 
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Wo. Metal Metal Metal 
U-70 $816 x40 Hastelloy Calculated .72 
"BY analyzed .326 .61 
Recovery 104 54 
U-71 Timken ‘Type 316 Calculated 1.46 
Analyzed .157 1.70 
Recovery 


$816 Calculated .420 .68 
@-Recovery 68 105 


Hastelloy Calculated 


@-Recovery 82 107 
as U-79 Timken Hastelloy Type 316 Calculated .061 .90 
Analyzed  .069 1.27 

% Recovery 113 1 
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U-83 Timken 422-19 Type 316 Calculated .183 1.32 
Analyzed 260s «98 
% Recovery 74 
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-023 .013 21.618 12.18 23.36 4.10 
-023 .018 .74 20.97 13.00 24.20 5.09 
100 138 123 99 107 103 124 
-023 .011 .60 19.58 17.0% 15.59 4.25 
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proportions only on the macro etch specimen from the 
starting end; the finishing end being unsuitable because 
of a crater, or drain-out of weld metal. However, those 
test plates whose deposits were measured at both start 
and finish showed that small changes in deposit shape, 
depth of penetration, and accuracy of location frequently 
occurred, and this led to variations in the proportions of 
wheel, bucket and weld metal components. 

Even though the composition of the submerged-arc 
deposits could not be calculated with the desired accur- 
acy, some time was spent in attempting to correlate junc- 
tion extension cracking with variations in deposit com- 
position (using composition values which were not cor- 
rected by a percentage recovery). It was hoped that this 
rough tool would at least indicate general trends in the 
data. In working with the array of calculated weld de- 
posit compositions, it was found that a second problem 
involved in the study was the scarcity of progressive vari- 
ations in one element without simultaneous drastic vari- 
ations in several other elements. (This should be ex- 
pected, of course, for the materials in the investigation 
were not selected to satisfy this requirement.) There- 
fore, none of the charts which were plotted have been in- 
cluded in this report because the data were too few to 
overcome the deficiency of variations in single elements. 

One group of submerged-arc welded specimens ap- 
peared to deserve special attention because, as a group, 
they served to exemplify the microstructural condition 


brought to light by the metallographic examination and 
our inability to correlate it with chemical composition 
even where adequate analytical data are available The 
specimens in Section IV of the Test Program represented 
three alloy combinations which possibly would be used 
in “‘hot type” wheels. These combinations are listed be- 


low with their respective average junction . extension 
cracking values.’ 


Average 

Cracking 

Value, 
Section Wheel Bucket 64th 
IV Metal Metal Weld Metal Inches 
(1) S816 S816 S816 4.3 
(2) S816 $816 Hastelloy “B”’ 3.2 
(3) S816 X40 Hastelloy ese 13.5 


Notice the marked difference between cracking values 
for the first two, and the third combination. Fortu- 
nately, during the course of the investigation, a consider- 
able amount of data in the form of weld metal analyses 
and photomicrographs of the weld metal structure were 
accumulated on this particular series of specimens. A 
typical chemical composition for a top weld bead in each 
of the three alloy combinations would be as follows: 


i Mn P Ss Si 

(1) 0.368 0.71 0.025 0.008 0.54 
(2) (0.33)* (0.71) (0.013) (0.005) (0.61) 
(3) 0.259 0.78 0.028 0.012 0.44 


* Parentheses around figures denote calculated values. All other analytical values are actual determinations as listed in Table 7. 


Cr Ni Co" Mo W Cb V 
19.75 20.54 44.4 4.60 2.93 3.87 Be 
(13.98) (34.7) (30.9) (11.0) (2.4) (3.0) (0.15) 
14.32 33.49 32.0 12.36 3.80 1.3 0.15 
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g. 28—Microstructure of Weld Metal in Test Plate No. U-74 
(sbi6 Wheel, S816 Buckets, S816 Filler). Average Extension 
Cracking Value, 4.3. For Comparison with Figs. 29 and 30. 
Etchant: Mixed Acids in Glycerol. x 100, Reduced 40% in 

Reproduction 


A study of these three analyses reveals no reasons why 
any one in particular should produce unusual amounts of 
segregated carbides or compounds. In fact, if a fine 
choice had to be made, the first analysis appears to be the 
most likely to produce more segregation because of its 
high-carbon and high-columbium contents. Yet, this 
did not prove to be the case as evidenced by the metallo- 
graphic examination. 

Figures 28, 29 and 30 are photomicrographs represent- 
ing the three combinations. They illustrate the custom- 
ary area directly opposite the interbucket junction. In 
each case, an extension crack has propagated across the 
field. Figure 28 is from Test Plate No. U-74 (S816 
wheel, S816 buckets, S816 filler), representing the first 
combination, and shows a structure of austenite and 
many interdendritic carbides and compounds. Figure 
29 is from Test Plate No. U-91 (SS16 wheel, S816 buck- 
ets, Hastelloy “‘B’’ filler), representing the second com- 
bination, and shows an almost identical structure. 
Figure 30 is from Test Plate No. U-77 (S816 wheel, X40 
buckets, Hastelloy ‘‘B’’ filler). In this third combi- 
nation, while the dendritic structure appears slightly 
coarser, the amount of interdendritic carbides and com- 
pounds does not appear different from Figs. 28 and 29. 
However, it, will be noticed that large stringer-like for- 
mations of carbide or compound are present at this point, 
and thus explain the more severe extension cracking 
found in this third combination. 


Summary 


Throughout this report, the term “weldability’’ has 
been used as a matter of convenience, since it is well 
known that this quality cannot be measured or evaluated 
as a general property. In this case, the term weldability 
is intended to describe the susceptibility of the various 
materials examined to the development of cracks or other 
defects under the particular welding conditions that were 
employed. 


The Major Defect—Notch Extension Cracking 


Cracks propagating into the weld metal as extensions 
of the notches or junctions between buckets proved to be 
the most pfevalent defects in the wheel-and-bucket test 
specimen just as they have in welded gas turbine wheels. 
The severity of the extensions varied from practically nil 
to cracks extending half-way across the width of the weld 
(about */, in.) depending upon the particular combi- 
nation of alloys incorporated in the test plate. The crack- 
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Fig. 29—Microstructure of Weld Metal in Test Plate No. U-91 

(S816 Wheel, S816 Buckets, Hastelloy “B’’ Filler). Average 

Extension Cracking Value, 3.2. For Comparison with Figs. 

28 and 30. Etchant: Mixed Acids in Glycerol. x 100, Re- 
duced 40° in Reproduction 


Fig. 30—Microstructure of Weld Metal in Test Plate No. U-77 

(S816 Wheel, X40 Buckets, Hastelloy ‘‘B’’ Filler). Average 

Extension Cracking Value, 13.5. For Comparison with Figs. 

28 and 29). Etchant: Mixed Acids in Glycerol. x 100, 
Reduced 40% in Reproduction 


ing in each test plate has been determined by nick-frac- 
turing through five interbucket junctions and measuring 
any extension cracks at their deepest point. The se- 
verity of cracking is expressed by a value which represents 
the average depth of crack extension per junction in 64th 
inches. Important facts concerning interbucket exten- 
sion cracking which were secured from these data are pre- 
sented below. 

Influence of Welding Process.—Submerged-are weld de- 
posits showed deeper extension cracking than manual-are 
deposits, especially in cases where the combination of 
materials was very prone to this type of cracking. Com- 
binations with the least susceptibility to extension cracks 
showed little difference when welded by either process. 
The shape of the submerged-are deposit was also of im- 
portance. With combinations of alloys which appeared 
very sensitive to extension cracking, wide beads with 
tapering sides cracked more severely than narrow beads 
with straight sides. 

Influence of Preheat Temperature.—Based on tests em- 
ploying a combination of Timken wheel, S816 buckets 
and Type 316 filler material, and employing submerged- 
are welding with narrow deposits or manual-are welding, 
preheating from 75 to 1000° F. had no influence on the 
severity of extension cracking. In the case of wide sub- 
merged-arc deposits, preheating at 1000° B. decreased the 
degree of cracking. 

Weldability of Bucket Alloys——The bucket material 
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through its role in diluting and modifying the composition 
of the weld metal, exerted a profound influence on exten- 
sion cracking. The ranking of the seven alloys in this re- 
spect was found to be nearly the same for both submerged- 
are and manual-are welding with either Timken or Uni- 
loy 19-9DL wheel material as shown in the tabulation 
below. The values listed are the average of all tests with 
Type 316 filler metal. 


Average Cracking Value, 64th Inches 
Submerged-Arc Manual-Are 


Welded Welded 

Timken Uniloy Timken Uniloy 

Bucket Alloy 16-25-6 19-9 DL 16-25-6 19-9 DL 
(1) Timken 16-25-6 1.0 
(2) Hastelloy “B”’ 1.8 2.0 4.4 
(3) Vitallium 7.3 ¥ 2.8 
(4) 422-19 Alloy 10.3 19.4 2.8 8.0 
(5) 6059 Alloy 12.4 
? $816 Alloy 14.6 10.5 5.1 7.0 
7) X40 Alloy 15.7 19.5 5.7 8.9 


Vitallium buckets were procured from three different 
sources to determine whether or not the weldability of 


cast alloys varied with the manufacturer. The three 
materials fell into the same relative ranking for both 
welding processes. 

Weldability of Alloys for Cold Type Wheels.—A com- 
parison was made between Timken 16-25-6 and Uniloy 
19-9DL alloys using several different bucket alloys, 
Type 316 weld metal and both welding processes. 
Slightly more extension cracking occurred in the weld 
metal when Uniloy 19-9DL was used than with Timken 
16-25-6 alloy as can be seen in the foregoing table. 

Weldability of Three Alloy Combinations for Hot Type 
Wheels.+-An unusual pattern of test values was secured 
with these highly alloyed materials. 


Average 
Cracking 
Value, 64th In. 
Sub- 
merged Manual- 
Wheel Bucket Are Are 
Metal Metal Weld Metal Welded Welded 
$816 S816 $816 4.3 4.4 
$816 $816 Hastelloy “B”’ 3.2 5.9 
$816 X40 Hastelloy ‘‘B”’ 13.5 6.7 


The low cracking values secured with the first two com- 
binations are surprising when the poor rank of S816 alloy 
as a bucket material is considered. The severe cracking 
secured with X40 alloy in the third combination, on the 
other hand is more in line with its performance in com- 
bination with other materials. 

The Weldability of Weld Filler Metals.—The weldability 
of filler metals was investigated only to the extent of com- 
paring Hastelloy “B’’ with Type 316 grade. Although 
manual-arc welded specimens showed no particular 
difference in cracking intensity between these two grades, 
the submerged-are specimens welded with Hastelloy 
“B”’ gave a surprisingly low value. 


Average 
Cracking Value, 
64th Inches 
Sub- 

merged- Manual- 

Wheel Bucket Are Are 
Metal Metal Weld Metal Welded Welded 

Timken $816 Type 316 14.6 5.1 

Timken S816 Hastelloy ‘“‘B”’ 2.0 5.1 
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Weldability of Alloys: for Bureau of Ships T urbing 
Wheels and Buckets.—Two alloys of considerable interest 
to the Bureau of Ships, namely, N155 alloy and S599 
alloy, produced fairly low cracking values. 


Average 
Cracking Value, 
64th Inches 


Submerged- Manual 
Wheel Bucket Are Ar 
Metal Metal Weld Metal Welded Welded 
N155 N155 N155 5.1 5.5 
$590 $590 $590 3.7 5.5 


Influence of Bucket Design——A few additional tests 
were made in $590 alloy with a bucket-base replica of 
modified design. The cross section of this bucket was 
rhombic instead of rectangular and the interbucket junc- 
tions slanted at a 45° angle instead of standing perpendic- 
ular. 


Average Cracking 
Value, 64th Inches 
Submerged-Arc 


Welding Manual 
Narrow Wide Arc 
Deposit Deposit Welding 
Regular wheel-and-bucket speci- 
mens 1.0* 3.5 5.5 
Wheel-and-bucket specimens with 
special rhombic shape buckets 2.8 0.8* 1.6 


* Values marked with an asterisk represent a single test. All 
other values represent duplicate tests. 


The rhombic bucket design resulted in a marked de- 
crease in cracking susceptibility in manual-are welded 
specimens. The variations which appeared in the sub- 
merged-are welded tests are within the normal scatter for 
test values in this low order and, consequently, the sig 
nificance of the small differences is open to doubt. 

Influence of Weld Metal Microstructure —Through 
metallographic examination, it was found that the se 
verity of extension cracking could be explained at least in 
part in terms of weld metal microstructure. A weld 
metal structure consisting simply of austenite displayed 
practically no susceptibility to extension cracking. How- 
ever, when small interdendritic pools of complex carbides 
and perhaps other compounds were present in the struc 
ture, an increased susceptibility to extension cracking 
was frequently present. It was found that the junctions 
between buckets function as minute gaps at the weld joint 
and reduce the thermal flow from the weld metal opposite 
these junctions. This slower cooling rate induced some 
compositions of weld metal to produce pronounced stringer- 
like segregations extending from the base of the junc- 
tion notch. These segregates favored propagation of 
severe extension cracks. Figures 18 to 30 are photomi- 
crographs illustrating the relationship between structure, 
micro-segregation and extension cracking. 

An attempt was made to determine weld metal com- 
position by planimeter measurement of the weld deposit 
and computation of the analyses. Comparison of com- 
puted composition with that secured by a limited num- 
ber of chemical analyses showed this method to be un- 
satisfactory apparently because of lack of uniformity in 
the shape of the weld deposit. As a result, comparison 

of weld metal composition with crack susceptibility was 
severely hampered. 


Minor Defects 


In addition to notch extension cracking, several other 
kinds of cracking were found in the wheel-and-bucket 


AUGUST 


. 
: 
test 
iT 
por 
nul 
SH 
Bes 
ol 
lar 
ste 
in 
j 
ol 
p 
W 
iI 
a 
i 
( 
* 
| 
ay 
. 
dtd 
al 
ay 
ra 
on 


7 Urbine 
In terest 
nd $599 


il Lests 
Dlica of 
was 
t junc. 
pendic- 


fanual 
Arc 


elding 


de- 
relded 
sub- 
er f¢ Tr 
© sig 
‘ough 
= 
ast in 
weld 
ayed 
How- 
d1des 
truc 
king 
tions 
joint 
osite 
ome 
ger - 
ane- 
1 of 
ure, 


ym- 
osit 
un- 
was 


1er 
cet 


ST 


test specimens. These types of defects were also re- 
ported to occur in welded gas turbine wheels. 

\\eld metal cracks of microscopic size and in limited 
number were found in nearly all the alloy combinations. 
Only specimens composed entirely of N155 alloy or of 
S590 alloy showed no cracking of this kind. The occur- 
rence of the cracks did not appear to be favored by the use 
of either of the two welding processes. The appearance 
of the defects bore strong resemblance to the intergranu- 
lar micro-fissures which are found in austenitic stainless 
steel weld deposits. A typical example of weld metal 
cracking was shown in Fig. 15. 

Cracks from the base metal into the weld metal were found 
in four test plates, and in each case a cast base material, 
either Vitallium, 6059 alloy or X40 alloy, was involved. 
These cracks apparently initiate in the grain boundaries 
of the cast base metal adjacent to the weld joint, and 
propagate into the weld metal. In all instances, they 
were of small size, as could be seen by the typical example 
in Fig. 16. 

Fusion line cracks were found between the weld metal 
and the bucket metal in four test plates. The weld metal 
in each case was Type 316, and the bucket metals were 
6059 alloy, 422-19 alloy and Hastelloy “B’’ (two test 
plates), respectively. The cracks were very small and 
occurred on the line of demarcation between the weld and 
bucket metals. An example is shown in Fig. 17. 


Conclusions 


Conclusive evidence has been obtained that there are 
marked differences in the response of the various alloys 
examined to cracking during welding. The principal de- 
fect was interbucket junction extension cracking, a fis- 


sure-like defect which propagated transversely across the 
weld metal from the notch between adjacent buckets. 
The amount of this cracking was influenced to some de- 
gree by the welding process employed and to a minor ex- 
tent by preheating. The major factor, however, ap- 
peared to be the susceptibility of the weld metal to de- 
velop segregates. The amount of such segregates and 
their distribution must be a function of weld deposit 
composition, cooling rate and possibly other factors. 
Difficulties in determining the composition of the weld 
metal and the absence of any definite pattern in the an- 
alyses of the materials involved in this investigation pre- 
cluded the correlation of composition and susceptibility 
to formation of segregates. While this investigation has 
placed a number of alloys intended for service at high 
temperatures in order of their likelihood to develop weld 
metal extension cracks, work of a more fundamental 
character is required to determine the relationship be- 
tween weld metal composition and extension cracking 
susceptibility. 
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Rate of Propagation of Fatigue Cracks in 
12-by 3/4-In. Steel Plates with Severe 
Geometrical Stress-Raisers 


By Wilbur M. Wilson*t and James L. Burke? 


I. Introduction 


1. Object of Tests 


Tests have shown that the static strength and still 
more the energy-absorbing capacity of steel plates with 
severe stress-raisers are related to the notch sensitivity of 
the steel as indicated by the Charpy notch impact value. 
The object of the tests herein described was to determine 
to what extent the rate of propagation of fatigue cracks in 
such plates is likewise related to the Charpy notch im- 
pact value of the steel. A comparison was also made of 
the relative effect of fatigue cracks and jeweler’s-saw 
cuts on the rate of propagation of fatigue cracks. Since 
the Charpy impact value of steel is affected by its method 
__* A report of an investigation conducted by the Engineering Experiment 
Station, University of Illinois, in cooperation with the United States Coast 
Guard. Reprint of University of Illinois, Engineering Experiment Station 
Bulletin Series No. 371. 


| Professor of Structural Engineering. 
Formerly Special Graduate Research Assistant in Civil Engineering. 


of manufacture, its temperature and its strain history, 
the series of tests (see Table 1) was so planned as to 1n- 
clude all three factors. Because of the limited number 
of tests the investigation must be regarded as exploratory 
and as useful primarily in providing data for planning a 
more comprehensive investigation. 
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Fig. 1—Details of Specimens 
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TABLE 1 


ProGRAM OF Fatigue Tests or PLaTes with SEVERE Srress-RaAIsERS 
All specimens tested on a cycle in which the average stress on the net section varied from 16,000 


cuts, was one-fourth of the finisheg 
width of the central portion of th. 


p.s.i. tension to an equal compression. plate. 

The specimens for series 9, |(), || 
Ler, and 12 were strain-aged before notch. 
iad Kind of Material eerie When Tested Valuet ing, by straining them 1% and they 

dng: 8. ft. Ib. holding them at a temperature of 

212° F. for 2 hr. The specimens testeq 

1 Killed Steel Normalized No 80 51 at low temperatures were cooled with q 

illed Steel Normali ° 32 29 i i > SNer; 

| 4 refrigerator which enclosed the peci- 

4 | Killed Steel Normalised, No +10 5 men. Those tested at 120° F. were 

| med Stee 1 

8 | Rimmed Stee As Rolled Neo = 4 heated with infrared lamps so placed 
immed Steel As-Rol ° 32 9 a cimen ; 

| that the rays fell on the specimen and 
2 | Rimmed Steel Yes 120 24.5 kept it at a constant temperature. 

Rimmed Steel yes Laboratory tests of specimens cut 

12 Rimmed Steel Yes 0 3.4 from plates rolled from the same 


* Plate strained 1 
t Standard V-notc 
from same heats as fatigue specimens. 


r cent and heated 2 br. at 212 deg. F. 
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II. Description of Tests 


3. Specimens 


Details of the specimens are shown in Fig. 1. The 
geometrical characteristics were the same for all speci- 
mens. The stress-raiser consisted of a 5/s-in. drilled hole 
in the center of the plate, with transverse hacksaw cuts 
on the transverse diameter, extended '/; in. with jeweler’s- 
saw cuts 0.011 to 0.012 in. wide as shown in Fig. 1. The 
length of the stress-raiser, out-to-out of the jeweler’s-saw 


. 2—200,000-Lb. Fatigue Testing Machine 


specimen, steel in same condition as for fatigue tests. Charpy specimens 
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— heats as the fatigue specimens gaye 
the values for thie mechanical proper- 
ties listed below. 


— Strength, Psi. —~ Elongation Reduction 
Yield in 8 In., of Area, 
Kind of Steel Ultimate Point % / 
Rimmed as-rolled 56,250 30,075 31.9 56.3 
Killed normalized 60,100 34,700 34.0 60.8 


The chemical composition of the same steels as given 
by the mill tests is listed below. 


————-Chemical Composition, 

Kind of Steel Cc Mn Si P S$ Cu 
Rimmed as-rolled 0.23 0.39 0.008 0.019 0.032 0.19 
Killed normalized 0.18 0.55 0.23 0.015 0.028 0.20 
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Fig. 3—Relation Between Number of Cycles and Average 
Length of Fatigue Crack 


Number of Cycles of Stress i 1000s 


4. Method of Testing 


The specimens were tested in the 200,000-Ib. fatigue 
testing machine shown in Fig. 2, which operated at 
approximately 180 cycles per minute. All specimens 
were tested on the same cycle, one for which the average 
stress on the net section varied from 16,000 psi. tension 
to 16,000 psi. compression. Because the specimen had a 
transverse jeweler’s-saw cut, which proved to be as 
severe a stress-raiser as a fatigue crack, the time required 
to start a fatigue crack was short as compared to that re- 
quired to extend the crack a considerable amount. It 
therefore seemed desirable to measure the length of the 
crack at frequent intervals in order to get the relation 
between its length and the number of cycles—data from 
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Fig. 4—Relation Between Number of Cycles and Length of 
Fatigue Crack: Killed Steel Normalized 


which the rate of crack propagation could be computed. 
The length of the fatigue cracks at the two ends of the 
stress-raiser was measured at both surfaces of the plate, 
and the average of the four measurements was taken as 
the length of the crack for the corresponding number of 
cycles. In general, the tests were continued until the 
average length of the fatigue cracks was of the order of 
in. 

Figure 3 is a typical diagram showing the relation be- 
tween number of cycles and average length of fatigue 
cracks. The ordinate of point A, the point correspond- 
ing to a fatigue-crack length of 0.6 in., represents the 
number of cycles required to produce the 0.6-in. fatigue 
crack—in this instance 36,700. 
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Fig. 5—Relation Between Number of Cycles and Length of 
Fatigue Crack: Rimmed Steel As-Rolled 
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consistent with one another. 


5. Results of Tests 


The results of the individual tests are given in Figs. 
4-6. The number of cycles required for the specimens to 
develop an average fatigue-crack length of 0.6 in. was 
read from the diagrams in those figures. This length has 
no special significance except that it is a compromise, 
being long enough to establish the direction of the dia- 
grams and short enough to prevent too great a variation 
in the unit stress, the total load remaining constant. 

The results for killed steel normalized, rimmed steel 
as-rolled, and r‘-nmed steel strain-aged are set forth in 
Table 2. Each part of the table gives the results of tests 
in triplicate at each of two temperatures. For all the 
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Fig. 6—Relation Between Number of Cycles and Length of 
Fatigue Crack: Rimmed Steel Strain-Aged 


tests the number of cycles reported is the number re- 
quired to produce a fatigue crack 0.6 in. long; and the 
stress in the stress cycle varied from 16,000 psi. tension to 
16,000 psi. compression, the stress being the average 
stress on the original net section. 

The test results can be compared directly on the basis 
of the number of cycles required to produce a fatigue 
crack 0.6 in. long. It should be noted, however, that a 
considerable difference in life (number of cycles for fail- 
ure) corresponds to a relatively small difference in fatigue 
strength. 

In general, the three tests of a series are reasonably 
This is particuarly true of 
the tests of the rimmed steel specimens, Series 5-12. 
The only exception is test 7-1, one of the first made. 
When this test was carried out it was not realized that 
crack length is as important as number of cycles. Only 
one reading of the number of cycles was recorded, and the 
corresponding length of crack was read as an item of in- 
terest rather than as an important quantitative value. 
Moreover, the technique for measuring the length of the 
crack had not then been fully developed. Hence, too 
much importance should not be attached to this test. 

The three tests of Series 1 and the three of Series 4, 
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TABLE 2 


Rate oF CracK PROPAGATION, PLATES WITH STANDARD STRESS-RAISERS 


origin. This seems to indicat, thay 
the jeweler’s-saw cut 0.011 to (9): 


in. wide was as severe a stress-raiser ac 


Series | Specimen Number of | | a fatigue crack, since the crack begay 
Number | Number Cycles Number | Number Cycles to propagate during the first few 

Killed steel normalized—not strain-aged ’ . 
- 6. Discussion of Results 
1 1-1 31 700 2 | 2-1 41 800 Z eee 
Tested at 1-2 35 800 | Tested at 2-2 | 40 900 The results of the tests as given iy 
80 deg. F 1-3 | 59600 | 32 deg. F. 2-3 | 39 400 Table 2 are s arized in Table ° 
| | oe lable ire summarized in Table 3 
oer -| — | Each value except those in the righ; 
3 3-1 37 900 4 4-1 | 50 800 
Tested at 32 | 33 100 Tested at | 42 | 36 700 hand column is the average of thre 
0 deg. F 3-3 | 43 700 —40 deg. F. | 4-3 68 800 tests; each value in the right-hang 
Av. 38 200 Av. 52 100 dc. 
| column is the average of 12 tests. The 
results in this table indicate that 
st - . 
within the range from +120° FP. tp 
on te > had no so 
| sie ‘ | | 18 200 -40 F. the temperature had n ig- 
Tested at 5-2 26 800 | Tested at 6-2 19 500 nificant effect on the rate of crack pro 
20 deg. F. | 5- 28 2 . 
ve oug » ratios of the Charpy 
Tested at 7-2 | 13900 | Tested at 8-2 20 200 value at the high temperature to the 
32deg.F. | 7-3 18 | 0 deg. F 8-3 23 800 
| > | Bao] | 4 21 600 Charpy value at the low temperature 
were 6.4, 5.0 and 7.2 for the killed stee! 
alize sd steel as-rolled 
normalized, the rimmed steel s-rolled, 
and the rimmed steel strain-aged 
9-1 | 900 | 4041 | 25 300 The average life was approximately 
ested at 9-2 23 600 1 ested at 10-2 27 400 "nce ¢ ( ) > ates of killed 
10 des. F. | 93 22600 || 80 deg. F. 10-3 | 23 900 twice as long for the plates of killed 
Av. | 23700 = | | Av. | 25 500 steel normalized as for the plates of 
ested at 11-2 26 500 \} ested at | 12-2 29 900 mately 3 ess or the rimmed 
32deg.F. | 11-3 | 30200 || OdegF. | 123 | 23 900 
| Av. 28 600~— || | Av. 27 500 steel as-rolled than for the rimmed steel 


p.s.i. of net section. 


TABLE 3 


SuMMARY OF REsULTS* 


Standard V-notch specimens with long axis parallel to the direction of r 
normal to the rolled surfaces were used for the Charpy tests 


* Number of cycles to produce fatigue cracks 0.6 in. long. See Fig. 1 for details of specimens accounted for, however, by the low 
and stress-raiser. All specimens tested on a cycle in which the stress varied from +16,000 to — 16,000 


Number of Cycles to Produce an Average Fatigue-Crack Length of 0.6 in 


Temperature of Plate When Tested 


strain-aged. This difference is largely 


values for the tests at SO and 32° F 
Table 3 makes it clear that there 


. E was no close relation between th 
Rate or Crack PropaGaTION, PLATES WITH STANDARD Srress-RaIsERsS: 


Charpy value for the steels tested and 

the rate of propagation of fatigue 
cracks. It would seem, therelore, 

= that notch sensitivity as indicated by 
notched-bar Charpy impact tests and 


14 notch sensitivity as indicated by the 
al Kind of Steel deg. F rate of propagation of fatigue cracks ar 
oh 120 | sO | 32 0 —40 | Averagé 
I f Resul 
mmary of Results 
.} Killed Steel aah 42 400 | 40 700 38 200 52100 | 43 350 I Su ty 
Normalized Slt | 2 
Rimmed Steel 27 900 19 600 13 900 21 600 | 20 73% 7 
Rimmed | 00 D0 0 | 730 7. Summary 
Rimmed Steel 23 700 25 500 28 600 27 500 s| | 26 325 The results of the tests described in 
Strain-Aged 24.5 12.6 5 3.4 this bulletin may be summarized as 
Average 25 800 29 167 27 737 29 100 | follows. 
——— (a) At the stress level used in these 
* Each value, except those in the right-hand column, is the average of three tests; each value 
in the right-hand column is the average of twelve tests. 


steel at the temperature of the fatigue specimens when tes 


both on killed steel normalized, were somewhat less con- 
sistent in results than the tests for the other series: the 
ratio of maximum to minimum number of cycles was 1.9 
for Series 1 and 1.6 for Series 4, compared with 1.32 and 
1.06 for Series 3 and 2, respectively. 

The number-of-cycles to length-of-fatigue-crack dia- 
grams of Figs. 4-6 are straight lines passing through the 


umerals under the Number-of-cycles-for-failure are the V-notched bar Charpy values of the 
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tests (+16,000 psi.), a jeweler’s-saw 
cut 0.011 to 0.012 in. wide produced as 

. rapid a rate of crack propagation as a 

fatigue crack. 

(b) For the temperature range from + 120° F. to —40 
F., the temperature of the steel had no significant effect 
on the rate of fatigue-crack propagation. 

(c) Notch sensitivity as indicated by notched-bar 
Charpy impact tests and as indicated by the rate 0! 
propagation of fatigue cracks are two quite different 
properties. 
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Flexural Fatigue Strength of 
teel Beams 


By Wilbur M. Wilsont 


I. Introduction 


1. Object and Scope of Investigation 


HE stringers of through bridges and the beams of 

short beam-spans are subjected to a large number 

of stress cycles, and the dead load stress is very 
small. Moreover, stringers and beams often have plates 
for laterals riveted or welded to the bottom flange, and 
many short beam-spans have partial-length cover plates. 
These introduce stress-raisers in the flanges. Further- 
more, stringers and, to a less extent, short beam-spans 
are subjected to several stress cycles during the passage of 
a single train or fleet of trucks. That is, stringers and 
short beam-spans have, to a considerable degree, all 
three conditions that enhance the possibility of fatigue 
failure—a large ratio of maximum to minimum stress, a 
large number of stress cycles during the life of the struc- 
ture, and severe geometrical stress-raisers in the tension 
flange. For these reasons the fatigue strength of the 
flanges of stringers and short girders is of particular inter- 
est to bridge engineers. 

The dead load stress is greater for long girders than for 
short girders and stringers. Moreover, in general, the 
longer the span the fewer the cycles of near-maximum 
stress resulting from a given density of traffic. Asa result 
long girder spans are not so liable to failure by fatigue 
is stringers. However, the possibility of a girder’s fail- 
ing by fatigue should not be overlooked, particularly if 
the flanges of the girder contain severe stress-raisers. 

The principal purpose of the investigation described 
in the bulletin was to determine the relative fatigue 
strengths of various kinds of flexural members, which are 
named below. The fatigue tests were supplemented by 
static tests of similar specimens. 

Specimens tested include: 

Rolled beams without reinforcement and without lat- 
eral plates. 

Rolled beams without reinforcement and with lateral 
plates, some attached with rivets and others attached 
with welds. 

Rolled beams reinforced with full-length cover plates, 
some attached with rivets and others attached with welds. 

Rolled beams reinforced with full-length cover plates, 
some attached with rivets and others attached with 
welds. 

Rolled beams reinforced with partial-length cover 
plates attached with welds. 

Fabricated beams made of web and flange plates at- 
tached with welds. 


* A report of an investigation conducted by the Engineering Experiment Sta- 
tion, University of Iilinots, in cooperation with the Public Roads Administra- 
tion, Federal Works Agency, the Chicago Bridge and Iron Co., Association of 
American Railroads and the Bureau of Ships, Navy Department, under the su- 
pervision of the Committee on Fatigue Testing (Structural) of the Welding 
Research Council, the Engineering Foundation. Reprint, University of Illi- 
nois Engineering Experiment Station, Bulletin Series No. 377. 

t Research Professor of Structural Engineering. 


Beams with intermediate stiffeners, some welded to the 
web and both flanges, others welded to the compression 
flange and to the compression portion of the web, but uot 
welded to the tension flange. Some reinforcing cover 
plates were attached with continuous fillet welds; others 
were attached with intermittent fillet welds. 
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II. Results of Tests 


3. Description of Tests 


The specimens included both rolled and fabricated 
beams. The dimensions of the specimens are given on 
the sketches at the head of Tables 3-17. The chemical 
composition and the mechanical properties of the steel 
from which the specimens were fabricated are given in 
Table 1. Specimens of series 44A, 44Ba, 44Bb, 44Ca, 
44Cc and 44Cd and specimens 3 and 4 of series 44Cb were 
welded with */j-in. A.W.S. 6012 electrodes with normal 
polarity at 24 v. and 200 amps. Specimens of series 
44Ce, 44Ja, 44]Jb and 44Jc and specimens 1 and 2 of series 
44Cb were welded with 5/3-in. A.W.S. 6010 electrodes 
with normal polarity at 25 v. and 150 amp. 

The essential features of the machine used in making 
the fatigue tests are shown in Fig. 1. The load was 
derived from an adjustable-throw cam that raised and 
lowered the outer end of the overhead I-beam, thereby 
subjecting the flanges of the specimen to cycles of flexural 
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stress. The load was measured with the open-looy) dys. 
mometer. The machines were cranked by hand whi, 


Table 1—Chemical Composition and Mechanical Propertie; 
of Steel in Flexural Fatigue Specimens (from Mill Tests 


Mechanica! Propertic. 


Series Yield - | Ultimate | Elongation 
j c | Mo| P 8 Point | Strength | in Sin 
| psi pei. | per cong 
— 
All 12-in. | 12-in., 31.81b | 0.25 | 0.64 0.015 | 0.030 | 43 330 | 70 530 | 6 25 
4G 7 and [0-24 | 0.40 0.011 | 0.027 | 63 080 | 25.75 
4B | 8” x 34° plates | 0.22 | 0.48 | 0.016 | 0.030 | 40 800 | 68 870 25.00 


-P=0 to Comp. 


% | 
| (Seecimen 
Lf 


| 
1333) 
$33 } 
Fig. 1—200,000-Lb. Fatigue Machine Adapted to Test Flexural 


Specimens 


+ 


| 


Table 2—Static Flexural Strength of Fatigue Type Speci- 


mens 


For all specimens: Compression flange supported at load points 


only 
—Strength, Psi.— 
Specimen Yield 
No. Description of Specimen Point Ultimate* 
44 A4 Plain rolled beamf 35,900 43,800 
44 Ba-4 _— Rolled beam with full-length cover 42,200 59,300 
plates attached with continuous 
fillet welds 
44 Bb-4 Rolled beam with full-length cover 37,500 49,200 
plates attached with inter- 
mittent fillet welds 
44 Ca-4 Rolled beam with partial-length 37,500 45,800 
cover plates attached with con- 
tinuous fillet welds 
44 Cb-4 Rolled beam with partial-length Not 39,300 
cover plates attached with inter- apparent 
mittent fillet welds 
44 Cc-4 Rolled beam with partial-length 32,900 44,800 
cover plates attached with inter- 
mittent fillet welds 
44 Cd-5 Rolled beam with partial-length Not 38,900 
cover plates attached with inter- apparent 
mittent fillet welds 
44 E-4 Rolled beam with partial-length 38,500 46,500 
cover plates attached with rivetst 
44 Ga-4 Fabricated beam. Flange plates Not 55,000 
attached with continuous '/,-in. apparent 
fillet welds 
44 Gb-5 Fabricated beam. Flange plates Not 54,800 
attached with continuous */,.-in. apparent 
fillet welds 
44 Ha-4 16-in., 36-Ib., wide-flange rolled 42,300 47,200 
beam. Stiffeners attached with 
welds 
44 Mc-4 Rolled beam with lateral plates Not 48,700 


attached with rivetsf apparent 


* See footnote, page 414-s. 


¢ All beams are 12-in., 31.8-Ib. I-beams unless otherwise noted. 
t Stress based on gross section. 
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the cam was being adjusted to give the desired load. 
From time to time they were stopped and the load was 
adjusted as needed in order to keep it constant during the 
test. The stresses were computed from the load indi- 
cated by the dynamometer, using the flexural formula 
commonly used in structural design. 

The loading and supporting rollers rested in cylindri- 
cal grooves in the loading and supporting blocks. The 
grooves were somewhat larger in diameter than the roll- 
ers, to prevent the rollers from introducing a horizontal 
restraint. All tests were made on a cycle in which the 
stress in the bottom flange varied from a very small ten- 
sion to a maximum tension. Some tests were designed 


Table 3—12-In., 31.8-Lb. I-Beams Without Reinforcement: 
Series 44A 


to give the fatigue strength corresponding to failure at 


100,000 cycles, designated as Fi.000; others to give the 


fatigue strength corresponding to failure at 2,000,000 
cycles, designated as 9.090. 
ated at a speed of approxirhately 150 rpm. 


The machine was oper- 


The values of Fyo.909 and F2,000.009 Were computed from 
the results of the empirical equation*F, = S(N/n)*, in 
which S, numerically, is the maximum stress in the stress 
cycle, N the number of cycles for failure, K an experi- 


* See Univ. of Ill. Eng. Expt. Sta. Bull., 302, 111 (1938) 


Table 5—12-In., 31.8-Lb. I-Beams with Full-Length Cover 
Plates Attached with Intermittent Fillet Welds: Series 44Bb 


Cover Plates— 
Top, 664 


< /2-in., 3/.8-lb. I | Cover Plates Attached With 
lrtermittert *illet Welds 
Petey Bottom, 6 X§ i; heen 
—— 10-0 > Max Number 
‘Stress injof Cycles) Fatigue Strength Section 
Cycle at} for | in 1000’s of Psi.* at Which 
men No|| of Psi. jin 1000's) Fyo0,:00 F2,000,000 Occurred 
‘Cycle at A,| of Cycles | in 1000 s alls 
Specimen 1000’s {for Failure, of Psi.* | Section at Which 44Bb-1 | +20.0 | 1,051.9 | .... | 16.5  |Except for 44b-7, 
No. of Psi. | in 1000's F:,000,000 +|Fracture Occurred 44Bb-2 | +19.0 | 1,270.1 pee 16.6 failure was at 
| ane 44Bb-3 | +18.0 | 1,494.9) .... 16.5 end of a weld 
Did fail 44Bb-5 | +30.0 278.7 | 40.8 bead and near 
444-3 434.0 | 3 O55 5 34.0+ 44Bb-6 +32.0 278.0| 43.5 mid-length of 
A | 31.2 44Bb-7 | +31.0 293.6} 42.8 bottom flange 


“= Based on a value of K of 0.18. 


Results of Static Tests 
Stresses at A-A 


Yield point = 35,900 psi. 
Ultimate = 43,800 psi. 


Table 4—12-In., 31.8-Lb. I-Beams with Full-Length Cover 
Plates Attached with Continuous Fillet Welds: Series 44Ba 


Cover Plates 
Top, 9-17 


£ 

Bottom, 64819711 


“Cover Plates Attached 
With 2° Continuous 
fillet Welds) 


9 


10-0" 
Max. Number 
Stress in | of Cycles| fPatigue Strength | Section 

Cycle at A, for in 1000’s of Psi.* at Which 

Specimen 1000’s Failure, Fracture 

No. of Psi. in 1000’s | Fio0,000 | Fe,000,000 | Occurred 
44Ba-1 +35.0 237.5 | 41.2 — 1 
44Ba-2 +26.0 734.7 = 21.5 2 
44Ba-3 +25.0 1,246.4 kis 22.9 3 
44Ba-5 +34.3 225.7 40.0 ee 2 
44Ba-6 +34.2 301.7 42.2 23.9 1 
44Ba-7 +27.0 854.8 aie 23.0 4 

41.1 22.8 


* Based on a value of K of 0.19. 
Results of Static Tests 
Stresses at A-A 


* Based upon a value of K of 0.30. 


Results of Static Tests 


Stresses at A-A 
44Bb-4 Yield point = 37,500 psi 
Ultimate = 49,200 psi 
Top flange supported at load points only 


Table 6—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with Continuous Fillet Welds; 
Special Ends: Series 44Bd 


(A fillet Weld Across Ends, 


7op Plate 


¢ 
6 
/2-ir., 31.8-/b. I | 
Sortom, 


Cover Plates— 
Too, 44-07 


Plates Attached with a Contin- 
vous fillet Weld Along Edges 


fracrure ‘ 
10-0 
© 
Fillet Weld~ Bottom Plate, Without Weld 
Max. 


Stress in 
Cycle at B, 
1000's of 


Number of Fatigue Strength in 
Cycles for 1000’s of Psi.* 


Specimen Failure, - 


No. Psi. in 1000's F \00,000 F 2,000,000 
44Bd-1 +12.0 1,159.3 10.4 
44Bd-2 +10.0 | 1,923.2 9.6 
44Bd-3 +14.0 | 543.3 | 9.9 


10.0 


* Based on a value of K of 0.27. 


44Ba-4 Yield doint +f pope psi. The stress computed by the simple theory of flexure was the same 
tos dee Pete Ln points only between the load points as at the ends of the cover plate. 
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Table 7—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with aaa Fillet Welds: Series 
a 


Table 8—12-In., 31.8-Lb. I-Beams with Partial -Lengt), 
Cover Plates Attached with Intermittent Fillet Welds. 


Series 44Cb 

Top Cover Plate Top Cover Plate 4X4 6 2 
bottom Cover Plate 4-0) Bottom Cover Plate 6 

10-0 


Cover Plates Attached with j-in. Continuous Fillet Welds Along 
fages, Arownd Corners, and Across Ends, Except for Seecimers 
44 Ca-8, -9 and -/0 which had no Welds Across End's. 


Max. | 
| Stress in Number of 
ICycle at B,| Cycles for 
Specimen 1000’s of | Failure, ane 
No. Psi. | in 1000's Fi00,000 F,000,000 
44Ca-l +21.5 | 67.0 19.6 | 
44Ca-2 +18.4 | 118.0 19.1 Uh 
44Ca-3 +11.3 | 806.3 9.2 
44Ca-5 + 8.9 2,326.8 |} 8.9+ 
44Ca-6 + 9.2 | 2,380.9 » 9§.2+ 
44Ca-7 +9.8 | 2,293.6 | 9.8+ 
44Ca-8 | +9.2 | 1,968.6 | 9.2 
44Ca-9 | +10.3 | 889.4 8.5 
44Ca-10 | + 9.2 | 1,825.7 9.0 


* Based on a value of K of 0.23. 
All failures were at end of cover plate. 
Results of Static Tests 


Stresses at A-A 


Yield point = 37,500 psi. 
Ultimate = 45,800 psi. 
Top flange supported at load points only. 


The stress computed by the simple theory of flexure was the 
same between the load points as at the ends of the cover plate. 


Table 10—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with '/,-In. Intermittent Fillet 
Welds; Bottom Plate Longer Than Top Plate; Failure in 


Compression Flange: Series 44Cd 
Cover Plates — 
Toe /-6 6 6 /-6 
lé-in,, 38-10. ¢ | | 
Bottom 6445 x 5-65 pO 


Cover Plates Attached with g-in. intermittent Fillet Welds Along Edges 
ond i. Continuous Fillet Welds Across Ends. 


Max. | Number 
Stress in | of Cycles} Fatigue Strength | Section 
Cycles at | for 1000’s of Psi.* (at Which 
Specimen | B, 1000's Failure, |-— Fracture 
No. of Psi. | in 1000’s | Fio0,000 | F 2,000,000 | Occurred 
44Cd-1 | —14.8 | 716.2| .....: —12.9t| 1 
44Cd-2 —13.0 —11.1 | 2 
44Cd-3 —11.1 | -10.4 | 32 
44Cd-4 | 216.1 | | ...... 2 
—16.5 | —11.5 


* Based on a value of K of 0.14. 
t Did not fail in compression flange. 


Results of Static Tests 
Stresses at A-A 


44Cd-5 


Yield point—Not detected by drop of beam. 
Ultimate = 38,900 psi. 
Top flange supported at load points only. 


10-0 
‘Cover Plates Attached with j-in. Intermittent Fillet Welds Along & ages 
and in. Continuous Fillet Welds Across End's. 


| Max. 
| Stress in | Number of Fatigue Strength i; 
Cycle at B,| Cycles for 1000’s of Psi.* — 
Specimen 1000’s of Failure, siitiniagmaiae 
No. Psi. | in 1000's F 100,000 F, 00, 
44Cb-1 +14.3 | 295.6 19.0 } 
44Cb-2 | +11.2 | 741.7 rei 8.7 
44Cb-3 | +9.2 1,210.5 — 8.1 
Av. 19.0 8.4 


All specimens failed at the end of the cover plate of the tension 
flange. 


Results of Static Tests 


Stresses at A-A 
Yield point = Not detected by drop of beam 
Ultimate = 39,300 psi. 
Top flange supported at load points only 


| 


The stress computed by the simple theory of flexure was the 
same between the load points as at the ends of the cover plate 


Cover Plates Attached with Intermittent Fillet Welds; 
Both Cover Plates 4 In. by */,; In. and All Welds Laid in Flat 


Position: Series 44Cc 
Cover Plates ® 


/2-in, I 
| slracture 
@ 


Cover Plates Attached with j-in. Intermittent Fillet Welds Along Edges 
and jz7in. Continuous Fillet Welds Across Ends. 


| 


Max. 
Stress in Number of 
Cycle at B,| Cycles for 


| Fatigue Strength in 


1000’s of Psi.* 
Specimen 1000's of Failure, | 
No. Psi. | in 1000’s Fo, 000 F2.,000, 
44Cce-l | +14.3 | 150.0 | 21.8 | 9.4 
44Cc-2 | +11.3 | 1,141.2 | | 9.6 
44Cc-3 | +9.2 | 3,261.0f | 9,24 
Av. | 21.8 | 9.4+ 


* Based upon a value of K of 0.28. 
+ Did not fail. 
All failures were at the end of cover plates. 


Results of Static Tests 
Stresses at A-A 


Vield point = 32,900 psi. 
Ultimate = 44,800 psi. 
Top flange supported at load points only. 


44Cc-4 


The stress computed by the simple theory of flexure was the same 
between the load points as at the ends of the cover plate. 
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Table 11—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with Intermittent Fillet Welds; 


Failure in Compression Flange: Series 44Ce 
ares 
Piz- 8-/b. I ¢ | “Fracture 
Be 6ARA LUN 
Plates Attached with intermittent Fillet Welds, Each 23 


ng, 6'c.to ¢, Along Edges and with -in. Continuous Fillet 


Across Ends 

Max. 

Stress in 
Cycle at B, 


Number of 


Fatigue Strength in 
Cycles for 


1000's of Psi.* 


Specimen | 1000’s of Failure, 

No. | Psi. in 1000’s | F 100,000 F 2,000,000 
14Ce-1 —16.8 233.5 | — 22.0 
14Ce-2 —11.1 672.6 —7.8 
14Ce-3 —8.4 2,285.8 —8.4+ 

Av. — 22.0 —8.2 


* Based upon a value of K of 0.32. 
All specimens failed in the compression flange on section B-B 


Table 12—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with Continuous Fillet Welds; Vari- 
ous End Conditions: Series 44da, 44db and 44dc 


Top Cover Plate, 

for 44Ja-/, 


for 44Ja-G, -5, & -€ 


2-in., I 


Bottom Cover Plate 


| 
For All Specitnerss: Top and Bottom Cover Flates 44% 44-0 


” 
— 
| “Cover Feather Edge } 

Plate Weld 
ce and bottom ¢ gh plates Tow and bottom cover plates 
epered in width only tapered (7? thickness 


, . , , 
over Plates Attached with Continuous Fillet Weld All Around, 
éxceor as Noted. 


= 
i“ 


Series 44Ja & 44/b 


Location of Fractures 


Series 44J/c 


‘Max. Number | 
| of Fatigue Strength | 
j\Cycle a or in 1000’s of Psi.* (at uch 

Specimen | 1000’s of | Failure | Fracture 

No.__|___Psi.__| in 1000's | 

44Ja-1$ | +18.0 | 281.2} 22.8 | .... 2 
44Ja-2 +14.0 | 706.6| .... | 11.3 1 
44Ja-3 | +12.0 | | 10.9 2 
44Ja-5t | +14.0 | 1,173.8] .... 12.4 | 1 
44Ja6 | +14.0 | 1,444.4| .... 3.0 | 1 
“4ja-7 | +13.0 | 1,575.6] .... | 12.3 | 2 
44Jb-1 $18.0 | 235.7 | 20.0 i 
44]b-2 +11.0 | 878.5] .... 10.0 2 
44Jb-3 | +9.0 | 3,178.8| .... 9.0+ | 
__ Av | 20.0 | 9.54 
44Jo-1 +18.0 | 997.8| .... | 14.3 | 2 
44Jc-2 +16.0 | 1,386.5 |. 
44Jc-3 +14.0 | 2,189.1) .... | 14.04 | 2 
| 14.24 | 


* Ky, = 0.23, Ky, = 0.12, Ky. = 0.33. ; 
t Section 1—outer edge of weld; section 2—at end of plate. 


mental constant whose value depends upon the geomet- 
rical characteristics of the specimen and the mechanical 
properties of the metal, and F, the fatigue strength cor- 
responding to failure at m number of cycles. The value 
of K for each series was determined from the slope of the 
S-N diagram for the series in question, and had different 
values for different types of specimens. The error in F, 
resulting from the use of an inaccurate value of K de- 
pends upon the amount by which the ratio N/n differs 


Table 13—12-In., 31.8-Lb. I-Bearms with Full-Length Cover 
Plates Attached with */,-In. Rivets: Series 44EA 


29 @ 4"= 9-8" — — 
a @ 
over Plates, OX pores Rivets 
A 
C 
Max. Number 


Stress in | of Cycles 
Cycle at A, for 


Section 


Fatigue Strength 
Which 


in 1000’s of Psi.* at 


Specimen | 1000’s of | Failure, Fracture 
No. Psi in 1000's F\0,000 Fs,000,00 | Occurred 

44EA-1 +18.0 953 .4 16.0 l 

44EA-2 +16.0 1,715.4 15.6 2 

44EA-3 +17.0 1,327.1 15.9 2 


* Based on a value of K of 0.16. 
+t Based on gross section. Corresponding value based on net 
section is 21.6. 


Table 14—12-In., 31.8-Lb. I-Beams with Partial-Length 
Cover Plates Attached with */,-In. Rivets: Series 43E and 
44E 


Cover Plates 
Attached with 


7op and Sottom 
Cover Plates, 


3/8-lb. I 


= 
® @ ” 


/0- 


Max. Number 
Stress in | of Cycles 
Cycle at B, for 


Section 


Fatigue Strength 1 
Which 


1000’s of Psi.* at 


Specimen | 1000’s of | Failure, | oat ——-| Fracture 
No. Psi. | in 1000’s | 00 F2,000,000 | Occurred 
44E-1 +11.1 3,620.3 11.14 Did not 
fail 
44E-2 +14.9 998.5 12.4 1 
44E-3 +15.8 992.7 13.1 2 
43E-1 | +23 5 218.6 29.1 l 
43E-2 | +32.3 | 23.9 21.9 
43E-3 | +17.6 666.1 | 29.5 13.1 l 


* Based upon a value of K of 0.27. 
section of the beam. 

+ Based on gross section. The corresponding values based on 
the net sections are 36.5 and 16.9, respectively. 


Also based upon the gross 


Results of Static Tests 


Stresses at A-A 


End fillet welds */; in. by */s in. for specimens 44Ja-1, 2, 3; 
and */, in. by 1 in. for specimens 44Ja-5,6,7. Top flange supported at load points only. 
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from unity. The following arbitrary rule was followed 
in deciding whether the results of a particular test were 
to be used to determine Fioo.o09 Or F2.o00.000. Values of 
F\oo.000 Were determined from tests for which n was less 
than 600,000. Values of Fo.o0.000 were determined from 
tests for which n was greater than 300,000, and values of 
both and Were determined from tests for 
which n was more than 300,000 and less than 600,000. If 
the number of cycles for failure exceeded 2 000,000, the 
value of the maximum stress in the stress cycle was taken 
as the value of F 2,090.00. A plus sign (+) was placed after 
this value to indicate that the value of F2.o90.000 Was some- 
what greater than that reported. 

Because of the small number of tests available and the 
extrapolation necessary to obtain the values of Fjo0.990 and 
F2.:00.000 Teported, these values must be considered as 
more or less approximate. It is believed, however, that 
they are sufficiently accurate to indicate the relative fa- 
tigue strengths of the various beams tested, which was 
the primary purpose of the investigation. 

A static test was made on each of most types of speci- 
mens, which were identical with the fatigue specimens of 
the corresponding series. The specimen was. loaded and 
supported in the same manner for the static tests as for 
the fatigue tests. The compression flange had no lateral 
support except that afforded by the loading head of the 
testing machine. The ultimate strength and, where evi- 
dent, the yield point are reported with the fatigue 
strength in Tables 3-17. The stresses reported are those 
at the load points computed from the maximum load 
which the specimen would carry, using the flexural for- 
mula commonly used in engineering design.* Plastic flow 


* It is realized that this is not the true stress, inasmuch as the stress-strain 
relation changes at the proportional limit. 


Table 15—Fabricated Beams with Flange Plates Attached to 
Web Plate with Continuous Fillet Welds: Series 44Ga and 


44Gb 
: = 
Flange Plates 5-6" Plates 
: | § Web Plate, 


47 ractures: 7 


@ 

5-6 > 

Continuous g-ir. Fillet Welds for 44Ga 

Continuous Fillet Welds for 44Gb 


Ma aX. Stress| Number of | 


Pate stre ngth i in 


| Cycle, Cycles for 1000’ s of Psi.” 
Specimen 1000's of | Failure, |—— 

No. Psi. in 1000's 000 ,000 ,000 
44Ga-1 +20.0 | 946.2, 
44Ga-3 | +28.0 | 563.9 | 49.8 18.6 

Av. ©! 49.8 17.2 
44Gb-1 | 26.0 | 586.1 | 46.9 | 17.3 
44Gb-2 | +24.0 | 594.7 | 43.5 | 16.0 
44Gb-3 | +19.0 | 1,335.0 

| 45.2 | 16.6 


* Based upon a value of K of 0.33. ; 
All specimens failed in the bottom flange at or near an inter- 
mediate stiffener. 


Results of Static Teste 


Ultimate = 55,000 psi. 
Ultimate = 54,800 psi. 
Top flange supported at load points only. 
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Table 16—16-In., 36-Lb. Wide Flange Beams; Stiffener 
Attached with Welds: Series 44Ha, 44Hb and 44Hc 


: 
/6-in, 36-1b., WE Beam Stiffeners 
Clipped to Clear 
fillets 


@ 
44Hb 44 He 


Intermediate stifft- 
erers welded to web 
ond to hott flanges. 


/ntermediate stift- 
erers welded to web 
and top flange orrly. 


lntermediate stiff 
erers welded to com- 
Pression flange and 
to upper /2 ir. of web 


Max. Stress) Number of Strensth i ij 
| in Cycle at | Cycles for 1000" of 


No. 2 Psi, _in 1000’ | 000° ‘| 
Series 44Ha. Stiffeners Welded to Web and Both F somand 
44Ha-2 +19.0 1,285.0 ie 18.1 
44Ha-3 +18.0 3,244. 3T | 18.0+ 
Series 44Hb. “Stiffe ners Welded to Web and Flange 
44Hb-1- +26.0 | 24440 .... | 
44Hb-2 +30.0 956.5 27.9 
44Hb-3 +28.0 886.9 hai 25.8 
_Av. 26 


Series 


Stiffeners Welded to Compression Flange and to Top 
12 In. of Web 


44He-1 | 432.0 2,364 32.0+ 

44Hc-2 +34.0 | 1,146.4 32.1 

44Hc-3 +34.0 2294.7 34.0+ 
| $3.7+ 


* Based on a value of K of 0. 10. All failures were at intermedi- 


ate stiffeners. 

+ Specimen did not fail. 

t Specimen 44Ha-3 was subjected to 3,244,300 cycles at 1000 to 
18,000 psi. and then tested on a cycle 1000 to 20,000 psi., and failed 
at 2,339,200 additional cycles. 


Results of Static Tests 


Yield point 42,300 psi. 
Ultimate strength = 47,200 psi 


was limited to a relatively short length of flange, and the 
yield point was not so apparent as for tlie same steel 
under a static tension test. For some specimens there 
was a definite drop in the beam; for others there was 
none, but there was a definite slowing down in the rate 
of loading with the testing machine running at a uniform 
speed. The corresponding loads have been reported as 
the yield point. For other specimens, no yield point was 
detected with the method of testing used. 


4. Results of Tests 


The results of the static tests are summarized in Table 
2; the results of the fatigue tests, set forth in Tables 5 
17, are summarized in Table 18. The details of the spec- 
imen and the location of the fracture are given in the 
sketch at the top of the table for each series. Only the 
maximum stress in the stress cycle is reported. The mini- 
mum load was just sufficient to keep the specimen and the 
parts of the machine in place, the minimum stress in the 
flange being of the order of 1000 to 1500 psi. The values 
Of Fi00,000 and F 2,900,000 reported are based upon the maxi- 
mum stress, on the assumption that the minimum stress 
was zero. For this reason the true zero-to-maximum fa- 
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tigue values would be of the order of from 500 to 750 psi. 
less than the values listed.* 
For specimens which were designed to fail in tension 
but actually failed in the compression flange, the stress 
reported is designated as a tension, on the basis that the 
tension flange had been subjected to the same number of 
cycles as the compression flange. Actually, for these 
tests, the fatigue strength in tension was somewhat 
greater than the values reported. Likewise, for speci- 
mens which were designed to fail in compression but 
which actually failed in tension, the stress reported is 


* A cycle, Smax. to Smin., is approximately equivalent to a cycle ( Smax. - 


to 0. 
> 


Table 17—12-In., 31.8-Lb. I-Beams with Lateral Plates 
Attached to Tension Flange: Series 44Ma, 44Mb and 44Mc 


3/.8-/b. I Top and Bottom Plates 
Failure 4847" 
1.0 3-9" 4 g+ 
a-Series 44Ma 
é fille? Welds 
—— 
21, | Top and Bottom Plates 


b-Series 44/7. 


(2-i7., 318-lb. Tow and Bottom Plates 
Failures, 6°" 
; 


c-Series 44Mc 


\Max. Stress}! Number of | 


Fatigue Strength in 
in Cycle, | Cycles for 
Specimen 1000’s of Failure, | _ _1000 s of Psi. 

No. Psi. in 1000’s F 00,000 F 2,000,000 
Series 44Ma. Plates Attached with Transverse Fillet Welds 
44Ma-1 | +20.0 | 82.1 | 19.2 ee 
44Ma-2 +16.0 928.8 | 13.4 
44Ma3 | +11.0 3,442.9 | ote 11.0+ 

Av. | 19.2 12.2+ 

Series 44Mb. Plates Attached with Longitudinal Fillet Welds 

44Mb-2 +16.0 1,039.7 | | 14.0 
44Mb-3 414.0 | 1471.1 | ab 13.2 

24 | 13.6 

Series 44Mc. Plates Attached with Rivetst 

44Mc-1 +20.0 400.0 26.4 | 14.5 
44Mc-2 +18.0 745.0 | | 14.8 
44Mc-3 +16.0 1,224.1 | 


* Based upon a value of K of 0.20. Welded specimens failed at 
or in the weld; riveted specimens failed through the rivet hole. 
t Stress based on gross section. 


Results of Static Tests 


44Mc-4 Yield point—Not detected. 
Ultimate strength = 48,700 psi. 
Based on gross section. 


designated as a compression, on the basis that the com- 
pression flange had been subjected to the same number of 
cycles as the tension flange. This policy was followed 
because the averaging of tension stresses with compres- 
sion stresses seemed incongruous. Actually the true 
average stresses would be slightly greater than the values 
reported. 

The failure in the compression flange of specimen 44A- 
3, Table 3, is attributed to the influence of the loading 
block at A. This block was machined on all surfaces 
and the friction resulting from the pressure of the block 
on the flange of the beam may have caused the two to act 
as a unit to a certain extent, thereby having the effect of a 
geometrical stress-raiser. After this test the bottom sur- 
face of each loading block was eased off a few thousandths 
of an inch near the outer end. No subsequent tests re- 
sulted in failure at the edge of the loading block. 

The results of the individual tests are given in Tables 
3-17, and the average values of Fjo0,090 and F 2,000,000 for the 
various series are given in Table 18. 


Il. Summary 


The average values of the fatigue strength are given in 
Table 18. For all specimens the fatigue strength is for a 


- cycle in which the flexural stress in the flanges varies from 


near zero* toa maximum. The results may be summar- 
ized as follows. 

(1) The outstanding feature of the results is the very 
large reduction in the fatigue strength due to abrupt 
changes in section at the ends of partial-length cover 
plates. Whereas the fatigue strength corresponding to 
failure at 2,000,000 repetitions of a cycle in which the 
flexural stress varied from near zero to a maximum ten- 
sion was of the order of 31,000 psi. for 12-in., 31.8-lb. I- 
beams without holes or attachments (Series 44A), the 
corresponding fatigue strength for similar beams with 
partial-length cover plates attached with longitudinal 
fillet welds (Series 44Bd, 44Ca, 44Cb, 44Cc and 44Ja) was 
of the order of 8000 to 11,000 psi. Moreover, for beams 
reinforced with full-length cover plates attached with 
continuous fillet welds (Series 44Ba) and for beams fabri- 
cated by connecting flange plates to cover plates with 
continuous fillet welds (Series 44Ga and 44Gb), the fa- 
tigue strength was much less than for beams as rolled. 
Likewise, for rolled beams reinforced with full-length 
cover plates attached with fillet welds, the fatigue 
strength was less for those with intermittent welds 
(Series 44Bb) than for those with continuous fillet welds 
(Series 44Ba). 

(2) The average value of F 2,900,000 for 12-in., 31.8-Ib. I- 
beams in the as-rolled condition was 31,200 psi. For 16- 
in., 36-lb. wide-flange beams the corresponding value was 
32,700 psi. For both sizes of rolled beams the fatigue 
strength corresponding to failure at 100,000 cycles evi- 
dently exceeded the yield point of the steel. + 

(3) Beams fabricated by attaching flange plates to a 
web plate with continuous fillet welds had a much lower 
fatigue strength than rolled beams, the average value of 
F 2,000,000 being 16,900 psi. for fabricated beams; whereas 
for the rolled beams F 2 90,000 had values of 31,200 psi. and 
‘32,700 psi. for 12-in., 31.8-Ib. and 16-in., 36-Ib. beams, 
respectively. The rolled 12-in. beams used in this com- 
parison had no intermediate stiffeners, whereas the 16-in. 
rolled beams and the fabricated beams had intermediate 
stiffeners welded to the compression portion only. 

* 1000 to 1500 psi. 


+ The value of K for Series 44A is given in the footnote to Table 3 as 0.18, 
and for Series 44Hc it is given in the footnote to Table 16 as 0.10 Moreover, 
2,000,000 \ 
F 90,000 = F 2,000,000 X That is, Fico, = 31,200 K (20)! = 
53,500 psi. for Series 44A. Similarly, F100,00 = 32,700 * (20)°.'° = 44,200 psi. 
for Series 44Hc. 
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Table 18—Flexural Fatigue Strength of Various Types of 


Series 
No. 


44A 


44Ba 


44Bb 


44Bd 


44Ca 


44Cb 


44Cc 


44Cd 


44Ce 


44Ja 
44]b 
44Jc 


44EA 


Table 


arms: 


Containing 


Details 
of Tests, 
Table No. 


3 


6 


“J 


10 


11 


12 


13 


12-In., 


Description of 
Specimen 
12-In., 31.8 Lb. I- 

Beams Without 
Reinforcement 
12-In., 31.8-Lb. I- 

Beams with Full- 
Length Cover 
Plates Attached 
with Continuous 
Fillet Welds 
12-In., 31.8-Lb. I- 
Beams with: Full- 
Length Cover 
Plates Attached 
with Intermittent 
Fillet Welds 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with Continuous 
Fillet Welds; Spe- 
cial Ends 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with Continuous 
Fillet Welds 
.12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with Intermittent 
Fillet Welds 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with Intermittent 
Fillet Welds; Both 
Cover Plates 4 In. 
by °/i6 In. and All 
Welds Laid in Flat 
Position 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with !/,-In. Inter- 
mittent Fillet 
Welds; Bottom 
Plate Longer than 
Top Plate; Failure 
in Compression 
Flange 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with */;,-In. Inter- 
mittent Fillet 
Welds; Failure in 
Compression 
Flange 
12-In., 31.8-Lb. I- 
Beams with Par- 
tial-Length Cover 
Plates Attached 
with Continuous 
Fillet Welds; Vari- 
ous End Condi- 
tions 
31.8-Lb. I- 
Beams with Full- 
Length Cover 
Plates Attached 


with */,-In. Rivets 


Summary of Results 


Aver: 


ige Value of 


Fatigue Strength, 
1000’s of Psi. 


F 00,000 


41.1 


42.4 


bo 
bo 
~ 


19.4 


19.0 


21.8 


—16.5 


—22.0 


22.8* 
20.0 


F2,000,000 


31.2 


16.5 


10.0 


—11.5 


11.1*, 12.6f 
9.5 
14.2 


5.8t 
21.6§ 
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12-In., 31.8-Lb. I- 26.8t 9 

44E Beams with Par- 36. 5§ 6 

tial-Length Cover 

Plates Attached 

with */,-In. Rivets 
44Ga 15 Fabricated Beams 49.8 7.2 
44Gb with Flange Plates 45.2 16. 

Attached to Web 

Plate with Con- 

tinuous Fillet 

Welds 
44Ha 16 16-In., 36-Lb. Wide me IX 8 
44Hb Flange Beams; anos 26.6 
44Hc Stiffeners Attached 2.7 

with Welds 
44Ma 17 12-In., 31.8-Lb. I- 19.2 12.2 
44Mb Beams with Lat- 24.4 f 
44Mc eral Plates At- 26.4 

tached to Tension 

Flange 


* For 44Ja-1, 2 and 3. 

+ For 44Ja-5, 6 and 7 (see Table 12). 
t Based on gross area. 

§ Based on net area. 


(4) The reduction in the fatigue strength due to inter 
mediate stiffeners welded to beams depended upon the 
portion of the beam to which the stiffeners were welded 
For 16-in., 36-lb. wide-flange beams, the value of F, 
was 18,800 psi. for beams with intermediate stiffeners 
welded to the web and both flanges (Series 44Ha 
26,600 psi. for beams with intermediate stiffeners welded 
to the compression flange and the full depth of the web 
(Series 44Hb); and 32,700 psi. for beams with interm 
diate stiffeners welded to the compression flange and to 
the compression portion of the web only. 

(5) Rolled beams reinforced with full-length cover 
plates attached with continuous fillet welds had values 
for F \00,000 and F 2,000,000 of 41,100 psi. and 22,800 pSi., 
respectively. The value for F 99,000 is somewhat less, and 
for F000, somewhat greater, than the corresponding 
values for beams fabricated by welding flange plates to a 
web plate, and they are considerably less than the corre- 
sponding values for I-beams in the as-rolled condition 

(6) The values of Fi90,90 were very nearly the same for 
I-beams reinforced with full-length cover plates at- 
tached with intermittent fillet welds as for similar beams 
and similar plates attached with continuous fillet welds 
The value of Fe,990,000, however, was very much less for 
beams with reinforcing plates attached with intermittent 
welds than for similar beams and similar plates attached 
with continuous welds. 

(7) The fatigue strength was very much less for rolled 
beams with partial-length fillet-welded eover plates than 
for similar rolled beams with full-length fillet-welded 
cover plates. Average values Of Fo0,00 for beams with 
full-length cover plates were 41,100 psi. and 42,400 psi. 
for continuous and intermittent welds, respectively. 

The corresponding values for beams reinforced with 
partial-length cover plates were 22,100 psi. and 19,400 psi , 
respectively. Average values of F2,0,000 for beams with 
full-length cover plates were 22,800 psi. and 16,500 psi. 
for continuous and intermittent welds, respectively. Th: 
corresponding values for beams reinforced with partial 
length cover plates were 10,000 and 9100 psi. for continu- 
ous fillet welds; and 8400 and 9400 psi. for intermittent 
fillet welds. Of the rolled beams reinforced with partial 
length cover plates attached with intermittent fillet 
welds, those with tension plates 4 in. by °/j¢ in. were 
somewhat stronger than those with tension plates 6 in. by 
3/, in. 

(8) Beams with welded partial-length cover plates with 
ends tapered by reducing the thickness had a somewhat 
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creater fatigue strength than beams with partial-length 
cover plates with ends not tapered at all or tapered by 
reducing the width. 

9) The fatigue strength of beams reinforced with full- 
length cover plates attached with rivets was less than the 
fatigue strength of beams reinforced with similar plates 
attached with continuous fillet welds, the unit strength 
being based on the gross section for both types of beams. 
However, for beams with partial-length cover plates, 
those having cover plates attached with rivets had a fa- 


Residual Stresses 


tigue strength as great as similar beams and plates at- 
tached with welds, or possibly a little greater, the unitstress 
being based on the gross section for both types of beams. 

(10) Lateral plates attached to the tension flange of 
beams reduced greatly the fatigue strength of the beam. 
This was true whether the attachment was by longitudi- 
nal fillet welds, transverse fillet welds, or rivets. The re- 
duction was not greater, however, than is occasioned by 
any of the tested methods of applying cover plates of 
partial length. 


in a Butt-Welded 


Structural Il-Beam 


Tests Supplementary to Impact Investigation 


By W. J. Krefeld* and E. C. Ingalls* 


Introduction 


N THE report of an investigation of beams with 

butt-welded splices under impact recently pub- 

lished,' reference was made to supplementary measure- 
ments of residual stresses induced by the welding opera- 
tion. The order of magnitude of these stresses was of 
interest in analyzing the causes of premature inelastic 
action found in testing the as-welded beams under both 
static and dynamic loads. The behavior suggested 
the existence of relatively high initial stresses. The 
present studies were intended to determine the: magni- 
tude of the residual welding stresses in a weldment simi- 
lar to that of the original beams. 

The specimens consisted of two 3-ft. lengths of 16 
WF 71 lb. sections taken from an unwelded plain 
beam, one of the lot furnished for the flexure tests. 
The edges were prepared for welding by flame cutting 
the required bevels and semicircular copes in the web 
for double -V welds in both the web and flange as shown 
in Figs. 1 and 2 of the original report. The same welding 
procedure was followed, except that all welding was 
downhand, i.e., the beam was turned over to complete 
the flange welds, following the sequence specified for 
the unsymmetrical grooves. Welding was performed 
at air temperature of 70° F., with '/;-in., class E6010 
electrodes. The weldment was reasonably representa- 
tive of the weldments previously tested, with some 
improvement in preparation and quality of welds. 


Preparation and Gages 


The procedure for measuring the residual strains 
followed the relaxation method developed in other in- 
vestigations. Electric strain gages were applied to 
opposite surfaces over sufficient area to permit a survey 


* Professor of Civil Engineering and Director of Civil Engineering Research 
Laboratories, Columbia University. 
t Assistant Professor, Civil Engineering, Columbia University. 
W. J. Krefeld & E. C. Ingalls, An Investigation of Beams with Butt 
bn Splices Under Impact, THe WeLvtnc JourRNAL, 26 (7) 372-s to 432-s 
). 
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of the average strains in the weld metal and adjacent 
base metal. The weld reinforcements were removed 
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LOCATION OF GAGE ROWS 
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Fig. 2 Average Residual Stresses in Flanges (Average of 4 Flange Surfaces Except Line C Off Weld). 


by hand filing to a flat surface and all surfaces were 
sanded to a smooth finish suitable for bonding the gages. 
The layout of the gage stations is shown in Fig. 1. 
Gages on the flanges were arranged in 8 rows of 5 gages. 
These gages were placed at directly opposite stations 
on the inner and outer surfaces except for stations on 
line C where the web prevented access to the inner 
surface. On row 4, which was the center line of the 
weld, the cope in the web permitted placement of gages 
on both flange surfaces. On the web, gages were placed 
in the vicinity of the weld, with some remote gages as 
shown: All gages on flat surfaces were Type AX-5, 
with biaxial elements on '/2-in. gage lengths, placed in 
the longitudinal and transverse directions of the beam. 
Type A-5 gages, uniaxial with '/2-in. gage lengths, were 
placed longitudinally along the flange edges at each 
row and also on the curved surfaces of the copes ter- 
minating row 4 of the web weld. (These latter gages, 


Plate I—View of Specime 
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—— Longitudinal, - - - - Transverse 


however, showed erratic behavior and were discarded.) 
Row 4 was directly on the center line of the welds. For 
the purpose of this investigation, it was assumed that 
the principal strains were likely to exist in directions 
closely parallel to the longitudinal and lateral dimensions 
of the beam and therefore the greater refinement possible 
with rosette gages was unnecessary. It will be noted 
that the longitudinal and transverse strains recorded 
hereafter refer to the directions defined by the dimensions 
of the beam and not to the direction of the weld. 

The placement of SR-4 gages to provide the necessary 
stability for measurements extending over the period of 
this investigation, required drying and waterproofing 
precautions not ordinarily necessary under laboratory 
conditions for tests of short duration. The required 
heating of surfaces and cement to ensure gage stability 
raised the question of its possible effeet upon the relief 
or redistribution of stresses in the welded specimen. 
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Fig. 3—Average Residual Stresses in Web (Average of 2 Web 
Surfaces) 


To avoid possible effects of local heating, gages were 
applied to the prepared surfaces at room temperature. 
After one-third of the gages were placed and the cement 
had set for about 2 hr., the entire specimen was sus- 
pended in an insulated enclosure and heated uniformly 
(+ 3° F.) with gradually increasing temperature to 
130° F. over a period of 16 hr. This operation was re- 
peated until all gages were applied and while the 
specimen was still warm, all gages and adjacent surfaces 
were coated with melted yellow vaseline. Dummy gages 
were prepared in the same manner and protected with 
paraffin. All gages at the time of cutting the specimen 
were stable within + 10 micro-inches, although readings 
on the plugs after 6 mo. showed a positive drift of over 
100 micro-inches, suggesting that preheat, higher drying 
temperatures and more effective final waterproofing 
are necessary for long periods of use. 


Plate I is a view of the specimen with gages applied. 
Connection to the gage terminal wires was made by 
spring clips attached to the strain recorder lead wires 
and dummy gage leads were soldered. Variations due 
to contact resistance of the clips were small, permitting 
reproducible readings within + 5 micro-inches provided 
contact was made at the same location on the terminal 
wires. 

Relaxation 


After recording initial readings, the beam was cut so 
as to isolate plugs with gages attached to opposite faces. 
Preliminary cutting to remove pieces of the flanges, 
including transverse rows and a’segment of the web, was 
done by hand hacksawing. The final plugs, cut by 
band saw, were approximately 1 x 1'/, in. with thick- 
nesses of about */, in. and '/2 in., representing the full 
thickness of the flange and web sections of the beam. 
The edge pieces after removal, were */, x 1'/, x '/, in. 
thick, with A-5 gages on one face. The final gage 
readings were taken at temperatures essentially the 
same as during the initial readings. Lateral correc- 
tions for the biaxial gages were applied to the recorded 
relaxations and the computed stresses were based on 
E = 29.5 x 10° psi. and w = 0.285. 


Results of Tests 


Previous investigations? have shown that the average 
strain relaxation across the total thickness of the plug, 
after removal, is represented very nearly by the average 
relaxation recorded by opposite surface gages, provided 
these plugs, of full thickness, have dimensions in the 
directions of the original surfaces of the order of twice 
the thickness of the plate or section from which they are 
cut. Accordingly, the average residual stresses across 


2 Welding Research Supplement, June 1946, p. 340 
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the thickness of the flange or web shown in Figs. 2, 3 
and 4 were determined by averaging the plug-surface 
relaxation stresses with appropriate reversal of sign. 

Figure 2 summarizes the average residual stress in 
both flanges. The stress shown at each station repre- 
sents the average of 4 surface gages except at stations 
on line C, off the weld, which include only the 2 outer 
surfaces (the copes permitted gages on the inner surfaces 
of the weld). The distribution of stress across the 
flange width at the weld is in general agreement, with 
that found in flat plates. The longitudinal stresses 
range from 45,000-psi. compression at the edges to 
20,000-psi. tension at the flange center line, while the 
transverse stresses reach a maximum value of 45,000- 
psi. tension. It may be noted that minor variations in 
shape of the distribution curves for the individual 
flange surfaces indicated a similarity between upper 
surfaces of the 2 flanges as compared with the 2 lower 
surfaces, suggesting an influence of the sequence of 
welding. The stresses in the base metal either side of 
the weld decrease to values ‘of 10,000 psi. or less and are 
of opposite sign at distances of 11/s to 2'/. in. from the 
weld. 

Figure 3 shows the average stresses in the web at the 
weld and at 1'/, in. from the weld. These curves lack 
terminal points at the ends of the weld (cope) and beam 
fillet, but the general distribution is consistent. Longi- 
tudinal tensile stresses of 25,000 psi, and transverse 
tensile stresses of nearly 50,000 psi. are developed in the 
weld. It will be noted that the stresses at adjacent 
rows in the base metal are of the same sign with nearly 
the same magnitude in the longitudinal direction. 

Figure 4 summarizes the variations of longitudinal 
stress along the beam. The curves represent the average 
of gage lines equidistant from the center lines of the 
flanges or web. As indicated in Fig. 2 the welding stress 
gradient extends to about 2'/. in. from the weld. The 


nearly constant stresses at more remote stations prob- 


ably represent rolling stresses in the beam rather than 
an influence of welding. 

The tensile properties of the base metal in the flange 
were Y.S. = 35,800 psi., U.T.S. = 58,800 psi. The 
properties of the weld metal in this weldment could 
not be determined accurately, but 2 small specimens 
prepared from pieces salvaged from the web during the 
cutting operation indicated Y.S. = 52,000 psi. and 
U.T.S. = 67,000 psi. 

Since the stresses shown are assumed to represent the 
average stress acting through the thickness of the 
material, the stresses shown in Figs. 2 and 3, applied to 
the respective areas of the flange and web, provide a 
measure of the total longitudinal forces acting on a 


transverse section of the beam. These forces appear to 
be reasonably balanced according to statics in the flanges, 
but excess tension is indicated in the web. Indetermiy 
ate influences of the cutting operation, particularly at 
points of low stress controlling the positive and negative 
areas, may account for this apparent discrepancy. 


Summary and Conclusions 


The distribution of residual stresses in this butt 
welded structural section was similar to that found jy 
other investigations of flat plates. The greatest stresses 
were produced in the weld metal with abrupt decreay 
in the immediately adjacent base metal where the stresses 
reversed in sign. Average longitudinal stress in th: 
flange weld metal ranged from 45,000-psi. compression, 
at the edges, to 20,000-psi. tension, at the center line. 
Longitudinal stresses in the web reached values of 
25,000 psi. Stresses along the weld were 45,(0(0-psi, 
and 50,000-psi. tension, in the flanges and web, re- 
spectively. 

In the tests of welded beams previously reported, 
which showed permanent strains and deflections at 
relatively low applied stresses, the strain gages were 
placed 1!/, in. from the weld center line on the lower 
flange surface. This placement was necessitated by 
the presence of back-up strips and the avoiding of real 
concentrations by removing part of the weld reinforce 
ment. This location is approximately that of rows 3 
and 5, adjacent to the weld in the present investigation. 
The residual stresses at these points are very small 
and compressive. It is unlikely that the permanent 
strain sets recorded during the impact and static tests 
were due to plastic deformation at the the gage point. 
These strain sets remained small for a considerable 
range of loading and probably represented elastic strains 
caused by readjustment after yielding of the weld metal. 
The magnitudes of the residual stresses found in the 
weld metal, while slightly lower than those predicted 
from the previous static and dynamic tests, are reason- 
ably consistent with the observed premature inelastic 
action, as reflected in the adjacent gage readings. The 
local yielding of the weld metal would also account for 
the confirmation of the inelastic action indicated by the 
deflection measurements. 

Thus, from the evidence at hand, it would appear 
that the small premature departure from linear elastic 
behavior observed in both the static and dynamic tests, 
described in the original report, could be attributed 
largely to the influence of plastic yielding in the weld 
metal resulting from the superposition of residual welding 
stresses and stresses due to static or dynamic loads. 
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Effect of Residual Tension Stress on the 
Fatigue Strength of Mild Steel 


By L. D. Hall* and Earl R. Parkert 


Introduction 


HE effect of residual stress on the behavior of 

metal parts subjected to load has received much 

attention in recent years. Large numbers of 
static tests of welded structures have been made with the 
object of determining the conditions under which residual 
stresses may contribute to fracture. One conclusion 
generally reached as a result of this work is that residual 
stresses do not influence the static fracture strength of 
welded mild steel structures, particularly when the maxi- 
mum plate thickness in the structure is less than */, in. 
In the minds of some, there is still doubt as to the validity 
of this conclusion. All that can be said with certainty 
is that the large amount of laboratory testing has failed 
to show that residual welding stresses decrease the static 
fracture strength of mild steel. Kennedy,! however, 
was able to demonstrate clearly by laboratory experiment 
that a reaction or assembly stress, set up in a structure 
by welding, can actually cause fracture to occur in mild 
steel plates. Moreover, many fractures have occurred 
in practice during the welding of engineering structures. 
Often, these fractures could only be explained by assum- 
ing that residual welding stresses contributed to the 
failure. It appears that field experience is not in ac- 
cord with laboratory experience, and so laboratory in- 
vestigations should be continued. 

There is probably even less known about the effect of 
residual stress on fatigue strength than is known about 
its effect on static strength. Some metallurgists and 
engineers have recently stated with conviction that 
residual stresses have no effect on fatigue strength, while 
others, equally positive in their opinions, have stated 
that such stresses can, and sometimes do, influence the 
fatigue strength of a metal. Such a controversial sub- 
ject certainly warrants attention, and it was the purpose 
of the investigation reported herein to explore one small 
phase of this problem. 

There are so many factors which influence fatigue 
strength, particularly of welded structures, that conclu- 
sive experimental results are difficult to obtain. For 
example, in a weldment, there are many different 
metallurgical structures present in the weld zone; there 
are internal discontinuities, such as slag inclusions, gas 
holes and cracks; also, there are surface irregularities, 
such as ripples in the weld metal, which influence the 
fatigue behavior of welded .specimens. 

In order to ascertain the role played by the residual 
Stress, it was necessary to separate its effect from that of 
the other factors. It was therefore required that with 
any one type of specimen, half of the total number should 
contain residual stresses, while the other half should be 
stress-free, but should differ in no other respect from the 
stressed specimens. 


* Graduate student in Physical Metallurgy, University of California. 
t Associate Professor of Physical Metallurgy, University of California. 


Experimental Procedure 


Tests were made on two types of specimens. The first 
type consisted of plates with weld beads top and bottom, 
half with residual stress and half without. The second 
type consisted of unwelded notched plates, half of which 
contained residual stresses and half of which were stress 
free. 

In the case of the welded specimens, the problem was 
that of removing residual tensile stresses produced by the 
welding, without changing any other condition. In the 
case of the notched, unwelded specimens, the problem 
was that of inducing residual tensile stresses in bars 
which were initially stress-free. 

A common method of removing residual stresses is by 
the ‘‘stress-relief’’ heat treatment. This, however, al- 
ters the metallurgical structure. Fortunately, stress re- 
lief can be accumplished by mechanical stretching of the 
welded specimen, as has been demonstrated by Kennedy’ 
and Meriam.? This procedure consists of applying ex- 
ternal loading of sufficient magnitude to make the weld 
zone flow plastically and become permanently longer by 
an amount equal to the elastic strain of the residual 
stress. This method was employed in the tests, the re- 
sults of which are reported herein. 

The major part of the present investigation was con- 
cerned with the effect of residual stress on the fatigue 
strength of notched mild steel specimens. For the pur- 
pose of correlation with practice it would be desirable to 
test plates with longitudinal butt welds containing small 
transverse cracks. With this type of specimen, a resid- 
ual welding stress would be acting at the base of the 
crack and could presumably influence the fatigue 
strength of the weldment. The condition portrayed by 
this type of specimen is sometimes found in commercial 
structures, and consequently the results obtained by the 
use of such a specimen would be directly applicable to 
the engineering design of weldments. The obvious 
difficulties involved in the preparation of such specimens, 
both with and without residual stress, made it necessary 
to simplify the specimen so that all of the important 
variables could be controlled. 

The specimen chosen for the investigation was made of 
mild steel, but contained no weld. Cracks were arti- 


Table 1—Mechanical Properties and Chemical Analysis of 


Steel 
64,000 
36,000 
Elongation ©}, 2 in 42 
Reduction Area, % 59 
Carbon, % 0.24 
Manganese, ‘ 0.49 
Silicon, %... 0.043 
Phosphorus, 0.015 
Sulfur, %.... 0.033 
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ficially created with a jeweler’s hacksaw and the residual 
stress was introduced by local heating to a maximum 
temperature of 500° F., which caused no detectable 
change in the metallurgical structure of the steel. The 
results obtained with this series of specimens showed 
conclusively that residual tensile stresses can, under 
certain conditions, greatly reduce the fatigue strength 
of mild steel. 

The mild steel used for the investigation was of the 
semi-killed class. The composition of this material is 
given in Table 1, along with its nominal mechanical 
properties. The dimensions of the specimens used for 
the fatigue tests were 4 by */, by 34 in. The welded 
specimens were prepared by depositing longitudinal weld 
beads with a mild steel electrode along the center line of 
each face of every specimen. These specimens were not 
notched. The weld beads were all ground flush with the 
surfaces of the plate before the specimens were tested. 
Half of the specimens were stress relieved by stretching 
1% while the other half were tested in the as-welded con- 
dition and containing the high residual welding stress. 
The maximum tensile stress introduced by this type of 
welding procedure was found to agree with the value 
given by Kennedy,! i.e., about 25,000 psi: along the line 
of the weld. The maximum tensile stress was reduced to 
less than 5000 psi. by the stretching operation. 

The notched specimens were made of the same steel 
and were identical in dimensions with the welded bars 
but were not welded. Hacksaw notches were cut in 
opposite edges of the specimens at the mid-length. 


These notches were made by first cutting a notch in each 
edge with an ordinary hacksaw for a depth of !/, in. ang 
then extending this notch with a jeweler’s hacksaw for ay 
additional '/\5 in. depth. After notching, the specimens 
were stress relieved by heating at 1100° F. for 2 hr., in 
order to provide stress free specimens for the tests 
Half of the specimens were tested in the annealed state. 
and the remaining specimens were so treated as to iiduce 
residual tension stress at the base of the notch before the 
fatigue tests were begun. 

The residual tension stress was induced by loca! heat. 
ing along both edges of the bar with an acetylene torch, 
to a maximum temperature of 500° F. The local heating 
of the edges of the bar introduced compressive stresses 
sufficient to cause plastic flow of the hot metal, which re- 
sulted in upsetting the edges of the bar during the heating 
cycle. When the edges again cooled to room temper. 
ature, they were too short to occupy their original 
lengths, because of the upsetting which had occurred dur. 
ing the heating. Consequently, tension Stresses were 
introduced along the edges of the bar and particularly at 
the bottom of the notch. Local tension stresses can be 
induced at the base of the notch by upsetting the material 
in this region by mechanical compression. This method 
of introducing residual tension stresses, however, yields a 
stress distribution which is much different from that re- 
sulting from local heating. The tension stress induced 
by compressive loading decreases rapidly with distance 
from the notch apex in both the transverse and longitudi- 
nal directions, becoming zero and then changing to com- 
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sae pression within a short distance. With this type of limit of unnotched mild steel specimens, provided the 
Gach stress distribution, a small crack forming at the apex of fatigue limit in reversed bending is greater than 0.6 of the 
. f, _ the notch completely relaxes the tension stress introduced yield point. In the present study, the fatigue limit of the 
~ oa wn by mechanical upsetting. An identical crack in a speci- specimens containing the weld beads was only 0.42 of the 
.. men containing stresses introduced by local heating yield point of the steel. It is of interest to note that even 
ee would, however, relax only a small part of the much though this value is considerably below the ratio 0.6 set 


- Dg longer range stresses. The stresses produced by local by Norton and Rosenthal, no effect of residual stress on 
‘yy aa heating are very much like those which are known toexist fatigue strength was observed. 
ae the inweldments; consequently, the local heating method was The second series of experiments was conducted on 
. employed for the introduction of stress in the fatigue unwelded specimens containing edge notches at the mid- 
al heat specimens. ; section, as previously described. Part of the specimens 
a tails All of the fatigue specimens were tested in reverse were tested in the stress-free condition, while other speci- 
heating bending im a resonance-type magnetic fatigue machine mens were tested after residual tensile stress had been in- 
Reema which electronically controlled the amplitude of the speci- duced at the base of the notch by local heating to a maxi- 
hich > men within =2%. The bars were subjected to 135 re- mum temperature of 500° F. To further check the effect 
heatine versals of stress each second. of residual stress, the stress in two specimens was 
immer changed from tension to compression, after which the 


7 specimens were tested in fatigue. The results obtained 
riginal Discussion of Results with these specimens are shown in Fig. 2. 


<p The procedure employed for producing the tensile ay 
Pe The specimens containing longitudinal weld beads were’ stress had reduced the nominal fatigue limit of the ‘3 
aa divided into two groups, those with residual stress and notched specimens from about 12,700 psi. to approxi- % 
saterial those without. The stress was computed on the basis of mately 6400 psi. The endurance for specimens stressed 4 
be thod the nominal stress at the mid-section, using the conven- _ slightly sbove the fatigue limit of the stress free specimens fi 
rielde tional theory of a freely vibrating bar and the deflection was reduced from 9 X 10° cycles to 1.25 X 10° cycles. 3 
iat a measured at the mid-span (with an accuracy of *= 27%). Reversing the direction of the residual stress raised the ts 
aduced The results of the tests, which were conducted at different fatigue limit to above 13,000 psi. _ - 
Istance stress levels, are shown in Fig. 1. These results indicate These rather startling results indicated that the de- J 
git di. that, within the limits of experimental error, residual crease in strength was due to the presence of residual e 
. pes tensile stresses of approximately 25,000 psi. have no more _ stresses at the base of the notch. The apparent effect of i 
: effect upon the fatigue strength of welded mild steel residual stress was so large that it was considered advis- . 
— specimens than do stresses of only a few thousand psi., able to investigate the specimens very thoroughly in * 
t | which existed in the stress-relieved specimens. Itshould order to determine what changes had taken place at the ‘ 
be noted, however, that the fatigue limit of the specimens _ base of the notch which could account for the lowering in * 
containing weld metal was only about 15,000 psi. com- fatigue strength of the notched specimens. ‘ 
pared with approximately 25,000 psi. for the base ma- An attempt was made to determine the magnitude of ui 
terial. the residual tensile stress by means of x-ray diffraction.‘ 5. 
In a similar study, Norton and Rosenthal* concluded The grain size of the steel was so large, however, that this G 
that residual tensile stresses have no effect on the fatigue method did not yield results of sufficient accuracy and & 
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other methods had to be employed. Since the bars were 
heated along the edges for their entire length, resistance 
wire strain gages could be used to determine the magni- 
tude and distribution of stress at sections of the specimen 
away from the notch. The notch was so sharp, however, 
that strain gages could not be employed to determine the 
magnitude of the stress at the base of the notch. The 
stress survey made by the use of electric strain gages at 
sections away from the notch were useful in showing that 
tensile stresses of appreciable magnitude had been in- 
duced along the edges of the bar. This can be clearly 
seen in Fig. 3, which shows a typical stress-distribution 
pattern. 

The procedure employed for induced residual tensile 
stress normally produces stresses which are equal to the 
yield strength of the material. The specimens used in 
this investigation were not rigid enough to retain such 
high st esses, but were capable of retaining stresses of 
sufficient magnitude to produce plastic flow at the base 
of the uiotch, as will be shown later. In an attempt to 
determine the approximate magnitude and direction of 
the stress at the base of the notch, electrical strain gages 
having a gage length of only '/s in. were used at the 
notched section. As might be expécted, even these tiny 
gages were much too long to yield anything but average 
stresses and the patterns obtained were like those shown 
in Fig. 4. The strain gage readings were useful in estab- 
lishing the direction of the stress even though they were 
of no value ir indicating the magnitude of the maximum 
stress at the apex of the notch. 

In a further study of the material at the base of the 
notch, a microhardness survey was made with the Tukon 
hardness tester. The results of this survey, presented in 
Figs. 4 and 5, show that an appreciable amount of plastic 
flow had taken place in the metal adjacent to the notch of 
the treated specimens. In order to estimate the approxi- 
mate stress which had produced the plastic flow at the 
base of the notch, simple tension tests were performed to 
obtain a true-stress natural-strain curve, as shown in Fig. 
6, and the hardness of the “specimens stressed”’ to differ- 


ent stress levels was measured to obtain the hardness 


strain curve, shown in Fig. 7. By comparing the ma) 


mum value of microhardness obtained at the base of + 
notch with the hardness-strain data obtained from ¢ 
tensile tests, it was possible to estimate the amouw 
plastic flow which had taken place at the base « 
notch. Part of the plastic strain which contributed 
the hardening at the base of the notch occurred dur; 


t 


ring 
the time when the specimen was being heated along th 
edges. The remainder of the plastic strain apparently 
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t of 


he 


1 
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occurred during the cooling when the upset material o 
tracted and was stressed in tension. 


A study of the microhardness distribution in the vicin- 
ity of the notch indicated that little, if any, plastic flow 
had taken place except near the root of the notch. Un. 
der such conditions, the material at the notch apex could 
be considered to be surrounded by rigid material, and 


thus the final width of the notch should be about t 


1, 
Ait 


same as the original width. Within the limit of error o 


measurement, this was found to be true. It appeared, 


therefore, that the plastic extension which took plac 


during the cooling should be approximately equal in 
magnitude to the plastic upsetting. If it were not for th: 
Bauschinger effect, i.e., the lowering of the tensile yield by 
prestraining in compression, the magnitude of the resid- 
ual tensile stress could be fairly accurately established 
from the microhardness studies. All that can be said 
with certainty is that the tensile stress could not be 


greater than the yield strength of the steel, i.e., 36,000" 


Thus, by means of resistance wire strain gages, it was 
established that tensile stresses existed at the base of the 


1 
| 


notch as a result of the local heating, and by the micro 


hardness survey it was established that the stress was 
probably somewhat less than 36,000 psi., the vield 
strength of the steel. Additional studies were made t 
determine whether or not the local heating had changed 


the miucrostructure or the notch contour. 


Care was taken during the local heating to prevent 
the temperature from exceeding 500° F. The temper 


ature was checked by means of Tempsticks, the 
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Fig. 8—Photomicrograph Showing Notch Contour Before 
Heating. 70 X 
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Fig. 9—Photomicrograph Showing Notch Contour After Heat- 
ing. 70 X 
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stick being allowed to melt, while the 500° stick was not. 
The temperature was also checked continuously with a 
contact pyrometer. Even though every precaution was 
ved in the control of the temperature, it was still 
dered advisable to compare the microstructures of 
the annealed and of the stressed specimens to be sure that 
they were identical. No differences could be detected 
at a magnification of 1000 X. Typical low magnification 
photomicrographs including a view of the bottom of the 
notch are shown in Figs. 8 and 9. The low temperature 
heating apparently caused no change in microstructure 
or in the contour at the base of the notch. It was there- 
fore concluded that the difference in fatigue strength 
could not be accounted for either on the basis of a 
changed microstructure or a changed notch contour. It 
appe: red, therefore, that the difference in the fatigue be- 
havior could best be attributed to the effect of residual 


obset 


cons! 


stress. 
In order to further verify the conclusion that the ob- 


served lowering of the fatigue strength was due to the 
effect of stress and not to some undetected factor, a final 
series of tests was conducted. In this series two speci- 
mens were treated by local heating to introduce residual 
tensile stress at the base of the notch. These speci- 
mens were then stretched in a tensile machine until 
about 5°% plastic flow had occured in the material at 
base of the notch. This procedure reversed the direction 
of the residual stress at the apex of the notch, making it 
compression instead of tension. The results of the tests 
on these specimens, shown in Fig. 2, leave little room for 
doubt as to the effect of residual stress on the fatigue 
strength of sharply notched mild-steel specimens. The 
effect of changing the residual stress from tension to com- 
pression was to raise the fatigue strength from one-half 
of that of the unstressed specimens to a value of stress 
somewhat above that of the stress free bars. The strain 
hardening produced by the stretching was undoubtedly 
responsible for part of the increase in fatigue strength, 
but was much too small to account for all of the improve- 
ment observed. 


Summary and Conclusions 
Fatigue specimens of mild steel, of dimensions 4 by 


‘/, by 34 in., were tested in reversed bending (1) in the 
as-rolled condition, (2) with longitudinal weld beads 


along the center line, (3) with longitudinal weld beads, 
but stress relieved by mechanical stretching, (4) annealed 
containing edge notches, (5) annealed, containing edge 
notches and with residual stresses induced by local heat 
ing, (6) annealed, containing edge notches, with residual 
stresses induced by local heating and then reversed in 
direction by mechanical stretching before testing. The 
weld beads lowered the fatigue limit from 26,500 psi. for 
the original material to 15,000 psi. for both the as-welded 
and the stress-relieved specimens. The behavior of the 
stress-relieved specimens was practically identical with 
that of the as-welded bars. Hence, it was concluded that 
residual stresses, under certain conditions, could exist in 
welded structures without decreasing the fatigue strength 
of the material. 

In the second series of experiments, which was con 
ducted on unwelded but sharply notched specimens, a 
very much lower fatigue strength was found with speci 
mens containing residual stresses. Specimens contain- 
ing sharp notches, but which had been annealed and thus 
were free from residual stress, had a nominal fatigue limit 
of 12,700 psi. Similar specimens which had been heated 
locally to a maximum temperature of 500° F. after an- 
nealing, to induce residual tensile stresses at the bottom 
of the notch, were found to have a nominal fatigue limit 
of 6400 psi., which was only 50% of the fatigue strength of 
the stress-free specimens. The life at a nominal stress of 
13,300 psi. was reduced from 9 million cycles to 1.25 
million cycles by the residual stress. The magnitude of 
the residual stress which existed at the base of the notch 
was somewhat less than the yield strength of the steel, 
i.e., 36,000 psi. 

It was found that by changing the direction of the 
residual stress from tension to compression (by limited 
stretching of specimens that had been previously heated 
locally to 500° F.) the fatigue strength was raised from 
6400 psi. to a value greater than 13,000 psi. 
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Introduction 


HE study of the electric welding are is compli- 

cated by the fact that the are is not a quiescent 

object on which accurate measurements may be 
made. The welding arc is characterized electrically by 
potential difference varying erratically with time and an 
almost equally varying current. So fast are the varia- 
tions in electric potential that the voltage may change 
from a “‘normal’”’ value to 5% of nprmal, to 150% normal 
and then back to normal within the space of a milli- 
second or so. The welding arc is characterized by the 
fact that it occurs in a gaseous atmosphere made up of 
many compounds deliberately put into the coating of the 
welding rod in addition to the gaseous atmosphere pro- 
duced by the chemicals within the rod itself. Thermo- 
dynamically the welding arc is one of exceedingly high 
temperature where dissociation of molecules takes place 


and where radiation is an important factor. 


These difficulties and many others make the welding 
are a difficult one for experimental purposes. Yet a good 
knowledge of the fundamental processes going on in the 


arc seems essential to understanding the welding problem. 
This paper takes up a method of attack on the determi- 


nation of the temperature of the welding arc under 


assumed conditions of thermodynamic equilibrium. It 
is recognized that there is no such thing as equilibrium in 
the welding arc. Yet the method of attack points out 
the factors which govern the arc temperature. 


I. Saha‘s Equation as a Means of Determining Arc 
Temperatures 


M. N. Saha,' an astronomer, made an analysis of the 
phenomenon of thermal ionization. His analysis, al- 
though for a special case (the investigation of conditions 
in the stars), is general and may be applied to any volume 
of gases at high temperatures. In the study of the weld- 
ing arc where temperatures of the order of 6000° K. are 
known to exist and the degree of thermal ionization is 
quite appreciable, such an analysis may be used to ad- 
vantage. The equation derived by Saha is normally 
given in an exponential or logarithmic form, 
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= + 2.5 logy T — 6.5 
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where: 
n = the original concentration of gas molecules 
n = Nn + ni; NM, is the number of nonionized mole. 
cules per cu. cm. and n; is the number 
of ionized molecules per cu. cm. 
pb = total pressure, atm. 
T = temperature, ° K. 


e = electronic charge 
If the degree of ionization is small and since p (atinos. 
pheres) = nkT, the previous equation reduces to’ 
logic aaa Tr + 1.5 logy T + 15.385 | 


This equation gives the temperature as a function of the 
ion density, but since the ion density cannot be measured 
directly it would be desirable to express the ion density 
in terms of more easily measured quantities, such as the 
voltage gradient and the current density. First an ex. 
pression will be derived expressing the temperature 7 as 
an implicit function of the gradient of the positive column 
and the current density in the column. The total current 
density is expressible in terms of the electron current 
density and the positive ion current density. 
J=Hi+J Amp. per sq. cm. (2 


It will be assumed at this point that the charge on a posi- 
tive ion is equal in magnitude to the charge of an electron 
In this case the electron and positive ion currents may be 
expressed in terms of the current density and the average 
velocity in the direction of the current. 


J = en, + (3) 
where: 
pi = current density, amp. per sq. cm. 
nN. = electron density, per cu. cm. 
ny = positive ion density, per cu. cm. 
V., Vi = average velocity of the electrons and positive 
ions, respectively, cm. per sec. 
e = electronic charge, coulombs 


The mass of the positive ion is many times that of the 
electron; therefore, under the influence of the same elec- 
tric field, the average velocity of the pcsitive ions will be 
much less than that of electrons. The electron current 
density in amperes per square centimeter is for this rea- 
son much greater than the positive ion current density. 

J=J. = enV, (4 


The electron mobility AK, is defined as the ratio of the 
average drift velocity to the electric field gradient which 
produces 


K V. Lie 2 (5 

where: 

L, = electron mean free path, cm. 

KE = field gradient, statvolts per cm. 

m, = mass of the electron, gm. 

é€ = charge in statcoulombs 
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K. = (1.427 x 10” (6) 


where / is now in volts per cm. and e is in coulombs. 


The mean free path of electrons in a gas may be ex- 
pressed in terms of the mean free path of the gas mole- 
cules 


L, = 4/2 L, (7) 
wher¢ 
L, = mfp. of a gas molecule under the existing condi- 


tions 


Under conditions of constant pressure the mfp. of a 
molecule varies directly with the temperature. The 
mfp., Ly, may be referred to the mfp. at standard condi- 
tions by means of the relation, 


L, = j (Pressure Constant) (8) 
0 
where: 
L,. = mfp. ata temperature 
= “K. 
T = temperature at which L, is to be determined 
Combining (7) and (8) 
L 
L, = 4/2 = T (9) 
Using this expression and setting Ty = 273° K. the 
expression for the mobility becomes, 
8.88e L,. T\'/s 
K, = (10) 
273m, E 


From equations (5) and (10) 


V, = EK, = : 


273m, 


(11) 


From (4) and (11) the expression for the total current 
density is, 


J= en. ( ) (12) 
273m, 
Solving for m, and assuming that m, = mn; in the positive 
column of the arc. 
273m 1/, 
= 3) 
m Us, 
7.564 X< 107! 
TEL. 
Substituting (14) in (1), 
V 
logi9 = — 5050 
9050 1 


+ 1.5 logio T logio — 6.494 (15) 


If mo is the number of molecules in a cubic centimeter 
of gas at Temperature 7), then at temperature 7, 


n = Mo r (16) 


If T> = 273° K. and if the pressure is one atmosphere 
(justified in the case of the welding are at atmospheric 
pressure) then m» is known as Loschmidt’s number and is 
equal to 27.05 molecules. 

Making this substitution, 

2 
logio = 


4 


— 5050 + 1.5 logioT + logio Ly + 13.374 (17) 


From Table 1.2 in Cobine® the mfp. for air is given as 
9.6 X 10-* cm. at standard conditions of temperature 
and pressure. 


logio == — 5050 1.5 logio 8.356 (1S) 
where: 

V; = volts 

J = amp./sq.cm. 

Ek = volts/em. 


The last two expressions yield implicit expressions in 
i, J and T; they may be solved explicitly for J or E but 
not for 7. The are data necessary to use these equations 
are voltage, current, ar¢ diameter, arc length and ioniza- 
tion potential of the atmosphere in which the arc burns. 
In actually using these equations for practical calcula- 
tions a graphical method is the least laborious if more 
than one value is desired. The method is similar to one 
to be discussed later. 

It is to be noted that the voltage gradient / in the are 
stream is the important factor, and not the are voltage 
itself. Likewise the current density and not the are cur 
rent controls the temperature. Furthermore since the 
arc temperature 7’ probably does not exceed 6000 to 
7000° K., and the ionization potential V; of the atmos- 
phere in which the are burns is probably of the order of 
10 or more volts, the term —5050V;, 7 is expected to be 
numerically larger than 1.5 logy 7. The sum of the 
terms on the right-hand side of the equation increases 
when the value of 7’ increases. This means that a larger 
value of J*/E is required to increase the temperature of 
the welding arc. 

Hence, increasing the value of the current density in 
the arc is expected to increase the arc temperature pro- 
vided that the voltage gradient in the are does not 
change at too great a rate. Suits has shown that the 
potential gradient decreases with an increase in current. 
Therefore, it seems probable that the arc temperature 
would increase with the current density. 

The difficulty of obtaining data of current density 
must be recognized. The arc is anything but constant 
and is often so obscured that it is impossible to discern 
the are itself. The arc length is likewise sometimes 
difficult to determine accurately because globules of metal 
hang from the electrode and bounce about, making the 
arc length anything but constant. 

Some data obtained indicate that the slope of the cur- 
rent density vs. voltage gradient curve is positive and 
greater than one, which indicates definitely that the 
temperature increases with current density and hence 
with welding are current. 

The next section of this paper will discuss the method 
of determining the conditions in the positive column of 
the welding are without recourse to extensive determina- 
tions of current density and arc length. 
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HE main postulate of the authors’ proposed “new 
aspect’’ requires a loss in fracture strength under 
repeated load cycles due to a gradual increase in a 

‘brittle transition temperature’ resulting from the load 
repetition. In other words, it is assumed “‘that fatigue 
fracture occurs when the transition temperature of the 
material becomes equal to the testing temperature under 
which fatigue fracture occurs.’’ This assumption (which 
the authors call “‘intransigent’’) means roughly that the 
strength of a metal under repeated load cycles is essen- 
tially defined by the fracture stress under the /ast load 
cycle of the test (considered as a single stroke load). 
Presumably the previous load cycles have, by some un- 
known mechanism, raised the “‘brittle transition temper- 
ature’ to the temperature of the test so that the fracture 
occurring under the last cycle is necessarily brittle. 

Although the authors attempt to support this assump- 
tion by their interpretation of the test results, they dis- 
cuss other possible explanations for the increased tran- 
sition temperatures which indicates a realization of how 
untenable is the whole concept of a functional interre- 
lation of fatigue and transition temperature. Although 
the tests were designed especially to prove the initial pos- 
tulate, the data is in itself of interest if all variables in- 
fluencing the results are appraised in the light of other ac- 
cepted concepts of mechanical behavior of metals. 

If the proposed ‘‘new aspect”’ truly expressed the con- 
ditions leading to fatigue fracture, one would expect that 
fatigue tests would show a marked decrease in endur- 
ance limit for a steel as the temperature of test was 
lowered. On the contrary, however, there is a great deal 
of evidence to show that the endurance limits for metals 
increase rather uniformly as the temperature is depressed 
to values as low as that of liquid nitrogen. The main 
effect produced by testing at a temperature below the 

“transition temperature’’ is to raise the fatigue strength. 

Furthermore, if fracture in fatigue were due primarily to 

the raised brittle transition temperature, it would be 

difficult to explain the existence of a definite endurance 
limit for a steel (below which fracture does not 
occur). Presumably, if the transition temperature were 
raised merely by the repeated application of stresses, one 
would expect failure to occur at any stress level, however 
low, if the number of cycles were increased to a large 
enough value. However, ferrous metals exhibit a rather 
abrupt ‘“‘knee”’ in the S—N curve, below which failure is 
highly improbable. Nonferrous metals do not exhibit 

a definite endurance limit, and thus would be in conform- 

ance with this type of fatigue behavior except for the fact 

that nonferrous metals do not exhibit the phenomenon of 


” 


* Paper by C. W. MacGregor and N. Grossman, Welding Research 
Supplement, p. 132-s, March 1948 

t Visiting Professor and Research Professor, respectively, Department of 
Theoretical and Applied Mechanics, University of Illinois. 


Discussion of “Some New Aspects of the Fatigue 
of Metals Brought Out by Brittle Transition 
Temperature Tests” 


By A. M. Freudenthal' and T. J. Dolant 


428-s 


a “brittle transition temperature.” 
peatedly suggested on the basis of numerous tests, that 4 


It has been re 


“‘transition-temperature” is essentially a characteristic 
of ferrous metals (possibly of certain types of steel only), 
while a pronounced transition between ductile and brittle 
fracture has not been observed for nonferrous metals 

There exists a considerable amount of evidence, par 
ticularly from the work of H. J. Gough, W. A. Wood, | 
P. Haigh, U. Dehlinger, F. Koerber, H. Moeller, E. Oro 
wan, H. F. Moore and many others to indicate that the 
fatigue phenomenon is a process of progressive damag: 
For metals, the first stage of damage due to repeated 
loading at high stress levels is closely related to the proc 
ess of slip, crystal-fragmentation, rotation and distor 
tion of fragments, and the resulting thermal instability o/ 
the fragmented structure; these combined effects are 
essential elements of what is commonly called ‘‘work- 
hardening’’ accompanying inelastic deformation. The 
duration of this first stage of the fatigue process depends 
on the crystalline structure, particularly the grain-size, 
and the level of the applied stress. Higher stresses, or « 
large grain size, accentuate the extent of the work-harden- 
ing process; conversely, a lower stress or a fine-grained 
structure shortens the stage of work-hardening. For 
some materials localized slip and crystal-fragmentation 
has been observed for repeated stresses below the endur- 
ance limit, and it is increasingly realized that an endur 
ance limit, being thus influenced by prior strain history, 
can hardly be determined as a definite value with great 
accuracy. Following the early stage of work-hardening 
under repeated stresses, the further process of progressiv« 
damage in fatigue is governed by other phenomena, 
which consist principally of the disruption on the atomic 
scale of high energy bonds. This latter phase is governed 
by the statistical distribution of inhomogeneities (both 
inherent and those created by prior stress cycles) in the 
material, and follows laws of statistics until sufficient 
submicroscopic damage has been accumulated to create 
microscopic cracks. The final phase of fatigue com 
prises the progressive spread of these microscopic cracks 
to final fracture of the member.’ 

There is experimental evidence that the so-called 
brittle transition temperature of steels is invariably 1 
creased by previous work-hardening.’ It has also been 
observed, that a narrow transition temperature range re 
sults from tests employing high strain rates and states 
of high hydrostatic tension; for lower strain rates, the 

“transition temperature” becomes a more or less broad 
“transition range. 

Let us consider the following three factors involved 1 

the authors’ experiments: 


A. Progressive damage under repeated load cycles 
B. The level of the brittle transition temperatur: 
C. The extent of work-hardening. 
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It appears to be a reasonable assumption that for con- 
ditions in which A and B are both influenced by the prog- 
ress of C, an interrelation between A and B will be mani- 
jest. This fact does not however, in any way justify the 
belie! that such interrelation has any physical significance 
of its own. One might argue that: if A depends on C, 
and B depends on C, a certain relation between A and B 
will exist; however, the known relationships are qualita- 
tive only, and A and B may not be functionally related. 
For example, the amount of food consumed by a growing 
hoy is related in some qualitative manner to his age; in 
addition, the amount of hair on his face is a function of 
his age. Yet one has no basis for proposing that the 
amount of hair on his face is related to or dependent 
upon the quantity of food he consumes. 

Employing a fatigue specimen with a sharp notch cre- 
ates conditions in which the fatigue process, even under a 
comparatively low nominal stress, depends essentially on 
the work-hardening process in the vicinity of the 
bottom of the notch. The lowest nominal fatigue 
stress used by the authors was 20,000 psi. Multiplying 
this by the theoretical stress concentration factor of 2.75 
one finds that the lowest theoretical stress at the root of 
the notch in these tests was 55,000 psi., which is far be- 
yond the elastic limit. It is obvious, therefore, that all 
of the tests reported were conducted at (unknown) 
stresses that were above the yield strength (44,280 psi.) 
of the steel. The localized region surrounding the root of 
the notch in each specimen was cold worked during the re- 
peated stressing. The raised transition temperatures 
observed in the tests were then merely evidence of the prog- 
ress of work-hardening induced by the drastic overstress- 
ing. Even at stresses which the authors consider to be 
“below the endurance limit’’ the work-hardening appears 
to be considerable as can be inferred from the presence of 
a dark rim at the root of the notch in Figs. 7 to 10. The 
definition of an “‘endurance-limit’’ of a notched specimen 
in terms of ‘‘nominal-stresses’’ is thus misleading, and the 
arguments based on such an endurance limit as delimiting 
different behavior in fatigue caused by a change in tran- 
sition temperature, are invalid. If the tests had been con- 
ducted at stress levels which actually (not only nominally) 
were below the yield strength, or if the work-hardening 
range had not been increased by annealing of the material, 
probably no correlation would have been found between 
A and B, because the general work-hardening would have 
been reduced to a small or negligible value. 

As evidence of a further lack of correlation between 
brittle transition temperature and prior fatigue stressing, 
the rather extensive tests of Kies and Holshouser’ are of 
direct interest. They investigated the possibility of de- 
tecting and evaluating fatigue damage in steel by sup- 
plementary tension and bending impact tests of speci- 
mens that had been fatigue stressed short of failure in 
either bending or axial load tests. The impact behavior 
of normalized S.A.E. X-4130 steel was studied following 
fatigue-stressing under a variety of conditions of stress 
amplitude, mean stress, stress concentration, stress dis- 
tribution and temperatures during stressing. Compar- 
ative data were secured for a variety of impact testing 
temperatures ranging from room temperature to —78° C. 
The following results were obtained: 


(2) No loss in impact resistance resulted from re- 
peated stressing below the fatigue limit. This fact was 
established for notched Krouse specimens and for un- 
notched Moore and Haigh specimens. 

(6) For notched specimens stressed above the fatigue 
limit, all losses in impact resistance were found to be ac- 
companied by fatigue cracks at the roots of the notches. 

(c) Tensile impact tests of unnotched specimens 
Stressed as rotating beams, and axially loaded specimens 
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stressed in equal tension and compression gave no indi- 
cation of any loss in elongation or impact energy until 
surface fatigue cracks were present. These cracks were 
not always found in advance of the impact test. Dam 
age was detected no sooner at —33° C. than at room tem- 
perature. Thus no evidence was obtained of raised tran- 
sition temperature or of impact brittleness induced by 
prior fatigue stressing. 

Not much significance can be attached to the interpre- 
tation of the proposed hyperbolic relation xy = A, 
used to develop Equation 2 of the paper. This repre- 
sents an obvious form of an inverse relation between two 
variables employed for the purpose of expressing an em- 
pirical (not ‘“‘analytical’’) equation giving an approxi- 
mation to the test data over a limited range of variables. 
By the term ‘“‘Wohler relation,’ the authors evidently im- 
ply a relation representing the observed form of the 
S-N curve for a metal having a definite endurance limit. 
The majority of fatigue test results indicate this relation 
to be represented by a more or less straight line in a 
semilog plot, with a rather sharp break at the endurance 
limit; this form is consistent with the concepts of a sub- 
microscopic process of progressive damage, and its evalu- 
ation in terms of final bond disruption on a statistical 
basis.’ A simple hyperbolic relation is not consistent 
with the apparent nature of fatigue data, and requires, 
moreover, a vertical asymptote which has no physical 
meaning. 

Exponential functions of the type given by the authors’ 
Equation 9 have a physical meaning; functions of the 
exponential type govern the diffusion and relaxation proc 
esses that result in inelastic behavior. Since fracture is 
but a terminal point of inelastic behavior (and essentially 
depends on the preceding and accompanying inelastic de 
formation) the fracture process may, to a certain extent, 
be governed by similar functions. However, the vari 
ables introduced by the authors into their relation S do 
not seem to have any directly interpretable physical 
meaning. 

In summary, the writers suggest the following interpre 
tation of the test results: 

1. The tests were conducted on a rather soft large 
grained steel for which the actual repeated stresses in the 
critical test region (at the root of the notch) exceeded the 
yield strength. 

2. Considerable work-hardening in localized areas 
accompanied the repeated stressing; the amount of work- 
hardening was related to the maximum nominal stress and 
to the number of stress cycles developed in the fatigue 
machine. 

3. The increase in “brittle transition temperature’ 
noted in the subsequent bend tests was governed by the 
extent of work-hardening during the prior strain history. 

1. There is no reason for presuming that repeated 
stressing of itself has any effect on the “brittle transition 
temperature’ except in so far as it is effective in cold 
working the metal at the critical section of the member. 
For other materials, or for repeated stresses whose actual 
magnitude does not exceed the yield strength, there is con- 
siderable doubt as to whether any change in transition 
temperature could be expected. 

5. There appears to be no logical reason to attribute 
fatigue failure to a raising of the ‘brittle transition tem 
perature’ to coincidence with the test temperature. 
The mechanical actions governing these two phenomena 
are basically different: fatigue damage is a progressive, 
cycle-dependent structural change whose progress 1s 
markedly influenced by the magnitude of stress; con 
versely, the transition temperature is a concept related 
mainly to temperature, strain rate, prior inelastic defor 
mation, etc., and has meaning only for a single stroke load 
ing. 
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Based upon experiment, two simple facts are demon- 
strated in the paper: (a) that the transition temperature 
(as determined in a special slow-bend test at a constant 
strain rate) from ductile to brittle behavior for S.A.E.- 
1020 steel increases through a broad range of temperatures 
as the number of prior cycles of fatigue (at a given stress 
level), to which it has been subjected, increases; and 
(6) that the brittle fracture strength (also determined in 
the special slow-bend test at a constant strain rate) at 
the transition temperature decreases for this material as 
the number of prior cycles of fatigue (at a given stress 
level) increases. While the above effects are more pro- 
nounced for fatigue stress levels above the endurance 
limit, they were also found to hold (as indicated by fewer 
tests) for stress levels below the endurance limit. To rep- 
resent the test results more clearly, a simple hyperbolic 
equation of the form xy = K was employed. It was 
found that if the constant of this equation was deter- 
mined, based on the postulate that at fatigue fracture the 
transition temperature has increased to the testing tem- 
perature under which the fatigue fracture occurs, all of 
the test results could be represented by means of this 
equation to within 4% error. The data plotted in Fig. 
5 of the paper also lent credence to this postulate for the 
present test results. A detailed study of the probable 
causes for the increased transition temperature and the 
corresponding drop in the brittle fracture strength led the 
authors to the tentative conclusion that strain hardening 
and strain aging during the fatigue tests were largely 
responsible. 

With this as a background, let us now consider the dis- 
cussion of this paper by Messrs. Freudenthal and Dolan. 
It is immediately apparent from their remarks that a 
great disparity exists between the views actually ex- 
pressed in the paper and their own interpretation of 
them. For example, at several places throughout their 
discussion we find such statements as ‘proposed new as- 
pect requites a loss in fracture strength under repeated 
load cycles due to a gradual increase in a brittle transition 
temperature resulting from the load repetition’; ‘“This 
assumption means roughly that the strength of a metal 
under repeated load cycles is essentially defined by the 
fracture stress under the /ast load cycle of the test (con- 
sidered as a single stroke load)”; ‘If fracture in fatigue 
were primarily due to the raised brittle transition temper- 
ature—’’; “‘There appears to be no logical reason to at- 
tribute fatigue failure to a raising of the brittle transition 
temperature to coincidence with the test temperature,”’ 
etc. 

From the above quoted statements of the discussors, it 
is quite clear that the discussors feel that the authors have 
either claimed, or that it could be logically deduced from 
their statements in the paper, that fatigue failure was 
primarily due to the raised brittle transition temperature. 
It should be emphasized that the authors have never claimed 
that the loss in fatigue strength under repeated load cycles is 
due to the increase of the transition temperature, nor that 

fatigue fracture was due primaril to the raised brittley tran- 
sition temperature. In addition none of the authors’ state- 


ments can logically be ‘‘extrapolated”’ to such a conclusion. 
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the paper. In the latter, the term “brittle f; 


cture 
strength” designates not the fatigue stress at failure. we 
the fracture stress at the brittle transition tempcratur, 
determined in the slow-bend test at a constant strain rate 
It is this strength which is shown to decrease as the num. 
ber of prior fatigue cycles increases. It was explained jy 
detail on page 136-s of the paper that the (much |owe; 
fatigue stress at failure is affected mot only by the jn. 
creased transition temperature, but also by statisticg| 


considerations, crack propagation, etc. It certainly was 
not claimed that the cause of fatigue failure is due solely 
to the change of transition temperature as stated by th 
discussors. The contrary was clearly stated. Much oj 
the remaining discussion by Freudenthal and Dolan has 
also been colored by this misconception of the authors 
views and statements. 

It is next claimed that ‘‘the tests were designed especi- 
ally to prove the initial postulate.”” Exactly the reverse 
is true. The program was undertaken at the request of 
the Welding Research Council to determine the magni- 
tude of the effect of prior fatigue cycles on the transition 
temperature for a low-carbon steel. At that time, it was 
not even conceived that such a “‘postulate’’ might hold. 
The discussors have placed entirely too much emphasis 
on the “initial postulate.” While it is obviously of 
some academic as well as practical significance and 
borne out by the present tests on this material (it re- 
mains to be investigated for other metals) the ‘‘postulate”’ 
became apparent only after a number of tests had been 
conducted. It served as a guide in further tests. 

The discussors’ comments regarding fatigue results at 
low temperatures again are apparently based on the same 
misunderstanding referred to earlier in connection with 
“fatigue fracture strength’ “‘brittle fracture strength. 

Next, the discussors state “‘if fracture in fatigue were 
due primarily to the raised brittle transition temperature, 
it should be difficult to explain the existence of a definite 
endurance limit for steel (below which fracture does not 
occur).”” Further, they state “presumably if the tran- 
sition temperature were raised merely by the repetition 
of stresses, one would expect failure to occur at any stress 
level, however low, if the number of cycles were increased 
to a large enough value.” The fallacy here rests in the 
erroneous idea that it was either claimed or that it logic- 
ally follows from any statements of the authors that 
fracture in fatigue is ‘due primarily to the raised brittle 
transition temperature.’’ The contrary of course was 
stated on page 136-s of the paper. The raised brittle 
transition temperature is a definite test result, but it does 
not logically follow from this at all that ‘‘one would ex- 
pect failure to occur at any stress level, however low, if the 
number of cycles were increased to a large enough value.” 
The raised brittle transition temperature merely places 
the material in a more vulnerable condition for actual 
brittle fracture under low energy loads. This phenom- 
enon is then, as regards brittle fracture, in many re 
spects, like any of the other embrittling tendencies listed 
in Table 1 of the paper. Consequently, the brittle tran- 
sition temperature could conceivably be near room tem- 
perature, and still the material would show a typical 
S—N curve with a definite endurance limit, and could sup- 
port indefinitely fatigue stresses of any magnitude below 
the endurance limit without fatigue failure. It might be 
able to absorb only low energy values due to shock loads, 
which is the important feature. There is therefore no i 
consistency here with the known shape of the S—N curves 
for this material. A definite endurance limit can still be 
present. It is somewhat analogous to the fact that glass 
is able to carry stress but can absorb little energy. k 
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» to nonferrous metals, not covered in the present 


fern 
paper, the authors are investigating the conditions pres- 
ent lere. 


fhe diseussors then proceed to recount some of the 
fatigue phenomena, much of which was already included 
in the paper, as was the material on the effect of work- 
hardening. The brittle transition temperature is not 
“invariably”? increased by previous work-hardening as 
claimed by the discussors (see ref. 5. of paper). Their 
discussion of “transition range’’ refers to the Charpy test 
only and is not applicable here. 

The discussors next proceed to consider three separate 
“factors involved in the’authors’ experiments.”’ 


A. Progressive damage under repeated load cycles. 
B. The level cf the brittle transition temperature. 
C. The extent of work-hardening. 


With the exception of B, the ‘factors’ A and C are not 
defined or directly measurable quantities and naturally 
no real functional relationships can be formulated be- 
tween the three. It is, therefore, idle to speculate upon 
such a relation. Actually, in the present investigation 
the primary ‘factors’ involved are the material, the 
fatigue testing temperature, the shape of specimen, the 
type of fatigue loading, the fatigue stress level, the num- 
ber of cycles of prior fatigue, the strain rate in the slow- 
bend test and the brittle transition temperature. The 
progressive damage and the extent of work-hardening are 
the result of imposing the first six ‘factors’ listed above. 
Asin the present tests, to show the resulting effect on the 
transition temperature at a given fatigue stress level and 
for a given strain rate in the slow-bend test, since the 
other ‘‘factors’’ are constant, the only remaining variable 
is the number of cycles of prior fatigue. Hence, a re- 
lationship exists between the transition temperature and 
the number of cycles of prior fatigue stressing. 

In relation to the notched fatigue specimen, the dis- 
cussors multiplied the low nominal fatigue stress of 
20,000 psi. by 2.75, the theoretical stress concentration 
factor, obtaining ‘‘the lowest theoretical stress at the root 
of the notch in these tests of 55,000 psi. which is far be- 
yond the elastic limit.” The authors agree that it is far 
beyond the elastic limit, in fact it is almost up to the ten- 
sile strength! This procedure obviously has no meaning. 
The nominal stress of 20,000 psi. is about 2500 psi. below 
the notched endurance limit. The authors (and they are 
certain, many others)-would indeed be surprised (and 
very gratified) if a low-carbon annealed steel could carry a 
completely reversed bending stress of 55,000 psi. for an 
infinite number of cycles! A more logical procedure 
would have been for the discussors to multiply the 20,000 
psi. by the technical stress concentration factor of 1.62 
(computed according to Neuber and listed in the paper) 
obtaining a fatigue stress of 32,400 -psi. (11,880 psi. 
below the yield strength). In fact, as discussed in the 
paper, the ordinates of the notched S—N curve in Fig. 3 
when multiplied by this factor (1.62) agree very closely 
with the unnotched S—N curve of Wishart and Lyon (cf. 
ref. (21) of the paper) for this material. It is therefore, 
not at all ‘‘obvious’’ as claimed by the discussors ‘“‘that 
all of the tests reported were conducted at (unknown) 
stresses that were above the yield strength (44,280 psi.) 
of the steel.’’ Since plastic slip can occur below the en- 
durance limit, their next two sentences are obvious, as 
Stated in the paper, except that they are incomplete. 
Strain aging is also taking place during the fatigue test. 
Also, as discussed above, the authors do not consider that 
all specimens were ‘‘drastically overstressed.’”’ Similarly, 
the work-hardening cannot be “‘inferred’’ from the pres- 
ence of a dark rim at the root of the notch in Figs. 7 to 10. 
his was discussed at length in the paper. The authors 
also cannot agree that the use of nominal stress values for 
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notched specimens in this case in any way invalidates the 
results or arguments. When an S—JN curve, regardless of 

whether it is for a notched or unnotched specimen, be- 

comes horizontal, this determines the endurance limit for 

these conditions. 

The discussors next cite the tests of Kies and Hols- 
houser' as evidence of a “further lack of correlation be- 
tween brittle transition temperature and prior fatigue 
stressing.’’ However, it should be noted that the ma- 
terial used was S.A.E. X-4130 steel which has consider- 
ably different impact energy vs. testing temperature re- 
lations than the S.A.E. 1020 steel of the present tests. 
Further, the S.A.E. X-4130 steel has a greatly different 
fatigue notch sensitivity as compared to the low-carbon 
steel tested. In addition, impact tests under uncon- 
trolled strain rates, inertia effects, specimen temperature 
(adiabatic deformation rather than isothermal), etc., 
were adopted instead of the well-controlled conditions 
present in the M.I.T. slow-bend tests. A close examina- 
tion of the data abtained by Kies and Holshouser in 
Table 3 of their report for prior stresses below the nominal 
endurance. limit, in spite of scatter inherent in the impact 
test, show a definite trend in all cases reported indicating 
definite damage. For their material in Table 3, the 
impact value appears to increase first and then to decrease 
as the number of prior cycles is increased. The impact 
energies after the largest number of prior cycles of stress- 
ing below the endurance limit (where no fatigue cracks 
occurred) are in every case listed in Table III considerably 
lower than the initial values under no prior stressing. 
This fact apparently was overlooked by the authors 
of that report and the discussors of this paper in dis- 
cussing their results. Consequently, although this 
reference was cited by the discussors to support their 
own views, it actually disproves them, confirming the 
results of the authors. It also does not appear to be 
particularly consistent that, while attacking the authors’ 
use of nominal fatigue stresses for notched specimens, 
the discussors themselves quoted the reference of Kies 
and Holshouser, in an effort to disprove the validity of 
the authors’ work, in which the same use of nominal 
fatigue stresses is made. They offered no comment on 
this. Similarly, in statement (1) of their interpretations 
of the test results they submit ‘‘the amount of work- 
hardening was related to the maximum nominal stress”’ 
and yet they have previously deplored the use of this 
quantity and considered it to be misleading. 

Essentially, two methods are now employed to show 
the damaging effect of prior cycles of fatigue stressing. 
The one used in the past is that employed by Kies and 
Holshouser in which impact tests are made on samples 
previously subjected to prior fatigue cycles. The other 
is the slow-bend test similar to that employed by the 
authors after the specimens have been subjected to 
cycles of fatigue stressing. In the former, damage is 
shown by a loss of impact energy—in the latter by the 
increase in the transition temperature. While the 
authors believe the special slow-bend test employed by 
them is superior in many respects to the Charpy impact 
tests (cf. ref. 5 of this reply for a discussion of this), 
both tests are indicating the same general effect. 

As further evidence that “prior cycles of fatigue do 
increase the brittle transition temperature,’ reference 
is made to the work of Davidenkow and Schewandin* 
and Oshiba *:* listed in the bibliography of the Kies and 
Holshouser report referred to by the discussors. Davt- 
denkow and Schewandin made static bend tests on low 
carbon steel at low temperatures on notched specimens 
previously subjected to prior cycles of fatigue stressing. 
They showed losses in bending strength for specimens 
even though they contained no fatigue cracks. Oshiba 
made Charpy impact tests on steels having carbon con- 
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tents of 0.1, 0.3, 0.5, and 0.7% which had been subjected to 
prior cycles of fatigue stressing. He reported serious 
losses in impact energies following repeated stresses 
both below and above the endurance limit, for both notched 
and unnotched specimens. /f was also found that con- 
stderable loss in impact energy occurred for specimens in 
which no fatigue cracks were present. As an indication 
of the magnitude of the effect, Oshiba found that a 
0.10 Carbon steel (annealed at 920° C. for 2 hr.) run for 
10’ cycles at stresses below the endurance limit for 
unnotched specimens showed a 43° drop in Charpy 
impact energy! The authors wish to thank the dis- 
cussors for calling their attention to the Kies and Hols- 
houser report which listed the above references of Davi- 
denkow, Schewandin and Oshiba which were unknown 
to them at the time of preparation of their paper. These 
references, however, in which tests were conducted on 
steels similar to the one used by the authors, confirm 
the work of the authors showing that there is ‘‘a correla- 
tion between brittle transition temperature and prior 
fatigue stressing’ contrary to the concepts of the dis- 
cussors. 

The authors have made no particular effort to attach 
great fundamental significance to the hyperbolic rela- 
tion of the form xy = A utilized in the paper. The main 
application of it was to show that under the conditions 
specified, and assuming the postulate that the transition 
temperature becomes equal to the fatigue testing tem- 
perature at fatigue failure for this material, intermediate 
values of the transition temperature as affected by prior 
cycles could be calculated with uo more than 4% error. 
It is an inescapable fact that such a relation exists for 
these tests. Some indication of the significance of it 
can be noted from Equation 8 of the paper. As men- 
tioned therein, it is too early to give a physical inter- 
pretation of it. Attempts to do so now in the light of 
“other accepted concepts of mechanical behavior of 
metals” is likely to prove somewhat sterile. Similarly, 
the authors cannot agree with the discussors’ remarks 
relating to the ‘“‘Wohler relation.’”’ They do not con- 
sider it at all ‘inconsistent with the apparent nature of 
fatigue data.” 

In summary, the discussors suggest their own inter- 
pretation of the test results. To take this in the order 
listed, the authors do not agree, as discussed earlier, 
that all specimens exceeded the yield strength as claimed. 
A fictitious stress concentration factor was used by the 
discussors to arrive at this conclusion. Their second 
summary statement is similar to that already contained 
in the paper, but is not complete since, as the authors 
had discussed in the paper, concomitant strain aging 
was also present. This also affects the brittle transition 
temperature. Consequently, the discussors’ third sum- 
mary statement is not complete. The fourth summary 
statement is at best contradictory to their previous two 
statements. In items 2 and 3, they have already 
conceded that ‘‘the amount of work-hardening was 
related to the maximum nominal stress and to the 
number of stress cycles developed in the fatigue ma- 
chine.’ ‘‘The increase in brittle transition temperature 
was governed by the extent of work-hardening during 
the prior strain history.’’ Since our discussion always 
referred to a constant maximum nominal stress, based 
upon their two statements, we may write symbolically 
(although since the work-hardening is not adequately 
measurable as stated earlier, this procedure is not 
necessary or advisable) : 
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W fi(N) 

T = ) 
and hence 

= f(N) 


where W, N, 7 are the work-hardening, the number oj 
prior cycles and the transition temperatures, respectively 
Hence, from their 2nd and 3rd statements, we arrive at 
the same conclusion as reported in the paper. How. 
ever, the above merely follows from their tbwn State- 
ments. In the paper, this conclusion was arrived at 
somewhat differently and under more precisely specified 
conditions since there is no adequate measure of the ex. 
tent of work-hardening. Thus, in their previous state. 
ments, the discussors have already in effect stated that 
the transition temperature is a function of the number of 
prior fatigue cycles. Yet, in their 4th sentence we now 
find ‘there is no reason for presuming that repeated 
stressing of itself has any effect on the brittle transition 
temperature except in so far as it is effective in cold work- 
ing the metal at the critical section of the member.”’  [t js 
precisely the repeated stressing which causes the work. 
hardening which changes the transition temperature. 
It is not necessary to introduce the intermediate “‘factor’ 
to express the above relationship. 

In their closing statement (5), the discussors mention 
“there appears to be no logical reason to attribute 
fatigue failure to a raising of the brittle transition 
temperature to coincidence with the test temperature. 
The reasons why this statement of the discussors is 
entirely inconsistent with the authors’ stated views has 
been discussed in detail in the third paragraph of this 
reply to which reference is made. 

In closing, it may be mentioned that as more evidence 
comes to light, there seems to be every reason to believe 
that certainly ferritic steels, and possibly many alloy 
steels as well, show either a loss of impact energy or a 
raised brittle transition temperature due to prior cycles 
of fatigue at stresses above the endurance limit. While 
the tests of the authors, those of Kies and Holshouser, 
and those of Oshiba al/ indicate a raised transition 
temperature also for specimens subjected to prior 
fatigue cycles slightly below the endurance limit (even 
though no fatigue cracks are present), it remains for this 
region to be more thoroughly explored. Some time ago 
the authors started an investigation of this, the results 
of which will be reported at a later date. 

The discussion of Freudenthal and Dolan has been 
of value to the authors since it has brought to light other 
experimental work which confirm the views and data 
expressed in their paper. The authors are therefore 
even more strongly convinced than ever of the essential 
correctness of their work. 
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The Impact Strength of Single Bead 
Arc Weld Deposits as Affected by 


Temperature 


By R. Eisenberg? and R. J. Raudebaugh? 


N A REVIEW of literature W. Spraragen and G. E. 

Claussen! summarized the knowledge available on 

autocracking of welds. The cracks were reported 
as being similar to hot tears in castings, resulting from 
low strength and low ductility properties of weld metal 
at elevated temperatures. The range of temperatures 
at which the decrease in physical properties occurred or 
reasons for its occurrence had not been reported up to 
that time. J. F. Eckel and R. J. Raudebaugh’ under- 
took to investigate these problems. They studied the 
impact strength of multibead deposits at various tem- 
peratures ranging from room temperature to 1800° F., 
and reported minimum impact values at about 1000° F. 
ior the weld metal from the 6012 and 6020 rods. The 
brittleness was attributed to the precipitation of carbides 
ind nitrides, based on the fact that removal of carbon 
ind nitrogen from the samples eliminated the minimum 
in the Impact vs. Temperature curves. 

This paper is a report of impact tests made on single- 
bead welds from the 6012 and 6020 rods over a tempera- 
ture range of —100 to 1800° F., in an attempt to com- 
pare the brittle temperature of the single-bead welds 
with multibead welds, and to justify any variation in 
data. 


Specimens 


A standard Charpy keyhole notched impact specimen 
was used for the weld test samples. The welds were 
made in grooved '/2-in. thick plate with about 4 in. of 
plate on either side of the weld to give mass cooling effect. 

The plate was S.A.E. 1020 hot rolled steel (Chemical 
Analysis, Table 1). Pieces 8 in. wide by '/2 in. thick by 
40 in. long were used for the preparation of the weld test 
specimens. A groove '/, in. deep with a */,¢ in. radius 
at the root and with parallel sides was found to be the 
most satisfactory from the standpoint of completely fill- 
ing the groove with a single pass of the rod. A sketch of 
the prepared plate, ready.for welding, is shown in Fig. 1. 

| Asst. Prof. of Metallurgical Engineering, the University of Rochester, 
Rochester 3, N. Y 


‘ >} Prof. of Metallurgical Engineering. Georgia Inst. of Technology, Atlanta, 
gia, 
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Fig. 1—Sketch Showing the Plate, with the Groove Ready for 
Welding 


Coated '/,-in. rods were used, and the groove was filled 
with a single pass of the electrode. (Welding data 
tabulated in Table 2.) In order to get enough weld 
metal in the groove for the samples, and at the same 
time get penetration at the root, slower than normal rod 
travel was used in the welding operation. Even under 
these conditions of welding, the penetration at the root 
of the groove proved to be the most difficult problem to 
overcome. All samples showing lack of complete pene- 
tration, as judged by visual examination of the finished 
specimens, were discarded. 


Table 1—Chemical Analysis 


Cc Mn Si 
Plate 0.21 0.37 0.04-0.05 
6012 rod 0.16 0.43 0.006 
6020 rod 0.23 0.45 0.017 


Table 2—Welding Data* 


Rod Size, In. Polarity Current, Amp 
6012 1/4 Straight 250 
6020 1/4 Straight 350 


Manual welding. 


Strips about 2'/s in. wide were cut from each plate 
parallel to the weld, with the weld centered in the strip. 
The samples were then taken from this strip in a direction 
transverse to the weld. At the ends of the plates, and at 
spots in the weld where the arc was broken for any reason, 
such as the starting of a new rod, the weld metal for a 
distance of about 2 in. was discarded. The finished 1m 
pact specimens of the standard Charpy keyhole type 
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appeared as in Fig. 2, etched to show the position of the 
notch relative to the weld metal. 

Microstructures showed the 6012 welds to contain 
smaller and fewer inclusions than the 6020 welds. 
Figure 3 is a typical microstructure of the 6020 weld 
showing an average section. The 6012 welds, however, 
exhibited considerably more porosity than the 6020. 
This can best be seen by macro examination of a typical 
fracture surface, as shown in Fig. 4 (A), where the 
porosity occurs in what appears to be gas risers. Figure 
| (B) is a fracture surface of the more sound 6020 welds. 


Fig. 2—Impact Specimen, = — Ammonium Persulphate 
te 


Testing 


The specimens were tested At various temperatures 
ranging from —100 to 1800° F. The samples for ele- 
vated temperature tests were heated in a small electric 
muffle furnace. The low temperature specimens were 
cooled in a dry ice-alcohol bath. Samples were held at 


Fig. 3—Microstructure of 6020 Weld Metal—Unetched. 100 » 


temperature for '/, hr. then quickly transferred to the 
impact machine and tested, the transferring and testing 
taking place in less than 4 seconds. 
that the actual testing temperature was within 30° F. o/ 


Fig. 4—Fracture Surfaces of Impact Specimens: (A) 6012 Weld Metal, (B) 6020 Weld Metal. 4 x 


Fig. 5—Graphical Representation of Weld Impact T 
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It was estimated 


the measured temperature in all 
cases. All data are expressed 11 
terms -of the measured temperatur 


rather than the estimated testing 
temperature. 
On an average, there were two 


samples tested at each temperatur 
except where results were errat 
then additional tests were made. |t 
was originally planned to test a mini 
mum of five samples for each test 
temperature but, due to difficulties 
encountered in filling the groove with 
weld metal having good penetration 
at the root, the number of samples 
from each rod was necessarily cut to 
two tests for each temperature; that 
is, about 16% of the total weld from 
‘ach rod was usable for test samples. 


Results of Tests 


The results of the tests are listed 
in Table 3 and represented graphically 
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Fig. 9. The graph shows a comparison of test re- 
cuits jor the multibead deposits:as reported by Eckel 
oer" audebaugh* and the single bead deposits, from the 


S12 and 6020 rods. 


There is no great difference in the trends of the Impact 
Strength vs. Temperature curves for the two weld 
metals in either group of tests. 

[he single-pass welds from both rods gave a minimum 
impact strength of the magnitude of 1 ft.-Ilb. at —50 to 

ig)? F. The transition from brittle to tough proper-. 
ties for the 6020 welds occurred in the temperature range 
of —)0 to 0° F., whereas the welds from the 6012 rod did 
not gain appreciable toughness until the temperature 
range of O° F. to room temperature was reached. The 
transition ranges were evidenced by rather erratic re- 
sults, as can be seen in the tabulated data. 


Table 3—Charpy Impact Values in Ft.-Lb. of the 
Single Bead Weld Deposits (Keyhole Notch) 

—§020 Rod, Test No. 6012 Rod, Test No. 
l 


Average Temp., 


F. 2 3 4 l 2 3 4 
99 1.0 1.0 1.0 1.5 
-5) 1.5 1.5 16.0 5 1.5 
-6 3.0 16.0 15.0 .. 1.5 
77 24 28 33 21 22 7 4 16 
204 27 25 a ie 20 22 
405 21 20 20 18 
614 18 16 10 ll 
811 12 13 9 10 
1003 11 10 10 10 
1104 16 18 16 
1220 54 40 37 ; 35 29 st 
1327* 65 22 48 
1413* NF NF ts 36 23 53 
1607 * NF NF 20 30 
1800* NF 34 NF 


* Allsamples tested above 1220° F. exhibited considerable plas- 
ticity although some failed completely. 
+ NF indicates no fracture. 


The welds from both rods exhibited maximum tough- 
ness at 200° F. At this point the 6020 welds had an 
impact strength of 26 ft.-lb. as compared to 21 ft.-lb. for 
the 6012 welds. As the temperature of testing was 
raised from 200° F., the impact values of both welds de- 
creased until they coincided at a minimum of 10 ft.-lb. 
ata temperature of about 900° F. Over this interval the 
strength of the 6012 welds averaged about 5 ft.-lb. lower 
than the 6020 welds. Above 1000° F., the toughness 
of both welds increased rapidly. Beyond 1200° F., the 
6020 welds were plastic and bent without fracture, but 
the 6012 welds although exhibiting considerable plas- 
ticity failed completely. This is a departure from the 
results previously reported for the multipass weld de- 
posits, in which no complete failures were noted in the 
weld samples from either rod at test temperatures above 
1200° F. 

The porosity of the welds from the 6012 rod may 
account for their lower impact strength at temperatures 
from 200 to 800° F. 

In comparing the single-pass and multipass weld metal 
deposits, it is necessary to emphasize that the conditions 
of welding for the single-bead samples (filling a '/,-in. 
deep groove) were far from ideal, and that the test results 
cannot be construed as being characteristics of the re- 
spective rods as they are normally used. As would be 
expected, the single-bead weld deposits with predomi- 
nantly a cast structure had considerably lower impact 
strength than the multibead deposits. The trends of the 


* This work did not include test temperature below room temperature. 
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Fig. 6—Microstructure of 6020 Weld Metal-Nital Etch. 100 x 


two sets of curves generally parallel each other from the 
room temperature test to 1200° F., with both types of 
welds exhibiting their minimum at about 1000° F. 

The cast structure, characteristic of the single-bead 
welds, is shown in Fig. 6. 


Summary 


There is no great difference in the behavior of single- 
bead and multibead welds, or in the 6012 or 6020 welding 
rods when subjected to impact loading over a tempera- 
ture range from room temperature to 1200° F. Al 
though the single-bead welds show inferior impact 
strength as compared to the multibead welds, the trend 
of the properties, as testing temperature varies, is similar, 
with the brittle temperature for both types of welds and 
rods occurring at about 1000° F. 

The testing temperatures for the single-bead welds 
ranged from —100 to 1800° F. In the low temperature 
tests, it was found that the 6020 welds maintained 
appreciable toughness down to 0° F., with the transition 
from tough to brittle properties occurring in the range of 0 
to —50° F. On the other hand, the 6012 welds lost their 
toughness slightly below room temperature, in the range 
from room temperature to 0° F. 
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Foreword 


HIS paper is a report on a continuing study of the 

role of hydrogen in are welding. Because of its 

research nature the methods and results are not 
claimed to be of immediate practical value to those 
associated with production welding. It should be 
realized that this work was primarily directed toward 
obtaining data of a fundamental type which would aid 
in the better understanding of hydrogen in are welds. 


Introduction 


While arc welds in low-carbon steel are usually con- 
sidered free of serious defects, the tension fractures of 
such welds often contained fisheyes which may lower the 
capacity of the metal to deform by 50% or more.?: ! 
Investigations to date have demonstrated that hydrogen 
from the arc atmosphere is absorbed by the weld metal 
and may give rise to fisheyes and lowered ductility.’ 

Such researches have led to the development of low 
hydrogen type electrodes, tentatively classed as E 6016. 
For hardenable steels, it has been shown that underbead 
cracking, caused partly by absorbed hydrogen, may be 
reduced by making use of low hydrogen electrodes.*: 4 
Much less work has been reported on the use of these 
electrodes for the welding of low-carbon steels. A 
primary purpose of this investigation was to compare 
for low-carbon steel, the tensile and impact properties 
of welds made with E 6016 electrodes (low hydrogen) 
to the properties of welds made with the conventional 
E 6010 electrodes. 

Another finding of previous investigators has been an 
improvement in ductility produced by postheating welds 
at moderate temperatures.': ®°» © This effect is usually 
accompanied by the elimination of fisheyes and has been 
taken to indicate the expulsion of hydrogen during post 
heating. A second objective was to determine the magni- 
tude of this improvement in ductility for welds made 
with E 6016 as well as E 6010 electrodes. 

Because increased ductility develops with only moder- 
ate sojourns above room temperature, retarded cooling 
of welds might cause similar improvement. Obviously 
retarded cooling will occur to a certain degree if pre- 


* Scheduled for Twenty-Ninth Annual Meeting, A.W.S., Philadelphia, Pa., 
week of Oct. 24, 1948. 

+ Laboratory, General Electric Co., Pittsfield, Mass. 
t References appear at the end of paper 
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heating is employed. In fact, it has been predicted 
that preheating and the resultant lowered cooling rat 
will permit the evolution of some hydrogen from steel,’ 
Also the number of flakes (produced by internal hydrogen 
pressures) in an ingot has been observed to decreas 
with decreasing cooling rate.* A third purpose of this 
investigation was to determine the effects of various 
preheats (and therefore variable cooling times) upon the 
tensile and impact properties of welds made with both 
E 6010 and E 6016 electrodes. 

One of the problems of investigating hydrogen removal 
induced by preheating arises from the fact that changin, 
the cooling rate (by preheating) may not only vary th 
amount of hydrogen retained but may also vary tl 
microstructure of the weld. A procedure of welding 
therefore, must be devised which keeps the structure: 
of specimens constant but allows different cooling rates 
after transformation in different specimens. With sucha 
method the effects of any hydrogen removal (by de 
creased cooling rate) can be studied. A satisfactory pro 
cedure can be deduced from the paper by Hess, Merrill 
Nippes, and Bunk.’ This paper presents cooling rates oi 
heat-affected zones at various temperatures for weld 
made with various arc energy inputs and at various 
preheat temperatures. It is possible by using this data 
to select welding conditions (joules per inch), whic! 
with various preheats will produce identical cooling rates 
at the pearlite transformation temperature, but which 
at lower temperatures will produce retarded cooling 
rates dependent upon the preheat. For example, it 1 
possible to weld unpreheated '/2-in. plate with 53,(0) 
joules per inch.* The cooling rate at 1000° F. will then be 
15° F./sec. Another '/2-in. plate preheated to 400° F 
and welded with 31,000 joules per incl. will have the same 
cooling rate at 1000° F., namely 15° F./sec. The cooling 
rate at 700° F., however, will be 5.3° F./sec. for the 
unpreheated plate and 3° F./sec. for the 400° F. pre 
heated plate. At lower temperatures the cooling rates 
of the above plates will differ even more. Thus in the 
welding of carbon steels, where the important. trans 
formation range is 1100 to 900° F., the cooling rates at 
1000° F. of differently preheated specimens can be made 
equal. As a result the structures of the specimens will 
be essentially the same. At temperatures below 1000 
F., however, cooling rates will depend on preheat, th 
more highly preheated samples giving rise to a possible 
removal of hydrogen from the weld. The cooling rates 


60 AV 


, V is the are voltage and T the travel speed in inches 


* Joules per inch are calculated from the formula as follows: 


where A is the arc amp 
per minute 
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FIG. | (A). ConeitupINAL TENSILE 
SPECIMEN 


FIG. | (B) cHaRPY IMPACT SPECIMEN 


mentioned are of course for heat-affected zones, but it is 
reasonable to assume that the relationship between the 
time-temperature curve of the weld metal and that of the 
heat-affected zone is similar for all welds. 


Experimental Procedure 


Weld Specimens and Electrodes 


Table 1—Chemical Analyses of Base Plate and Weld Metal 


Ma,.% Si, S, P,% 
Base plate 0.21 0.38 0.01 0.04 0.06 
E 6010 core wire 0.13 0.52 0.02 0.08 0.01 
E 6016 core wire 0.13 0.41 0.04 0.02 0.01 
E 6010 weld deposit 0.07 0.55 0.21 0.03 0.02 
E 6016 weld deposit 0.09 0.49 0.11 0.03 0.02 
E 6010 pad deposit 0.06 0.46 0.17 0.04 0.01 
E 6016 pad deposit 0.09 0.44 0.13 (y.03 0.01 


In order to save time in welding, shallow groove welds 
were made rather than complete welded joints. Such 
specimens afford a duplication of the last few passes of a 
standard butt joint. The base plate was '/»-in. hot rolled 
steel approximating S.A.E. 1020 (see Table 1 for chemical 
analysis). The plate was cut to dimensions and grooved 
as shown in Fig. 1. All welds were made parallel to the 
rolling direction. The grooves were of such proportion 


_ as to allow the deposition of three passes of weld metal 


in all cases except the 400° F. preheat specimens, where 
four passes were employed. Electrodes used were E 
6010, */16 in. diam., having a cellulose type coating, and 
E 6016, */16 in. diam., having a lime type coating. Both 
electrodes had core wires of similar analysis (see Table 1) 
and operate on direct current reverse polarity. Before 
welding, all electrodes were baked at 110° C. for at least 
45 minutes to drive off absorbed moisture. 


Welding Equipment 


Welds were made with automatic equipment which 
allowed accurate control of arc voltage and travel speed. 
The equipment consisted of a G.E. type WFS welding 
head with Thyratron control and type WTA travel car- 
riage. The direct current power was supplied by a G.E. 
motor generator set and controlled by means of a variable 
resistor in series with the shunt field winding of the 
generator. Travel speed of the welding head was cal- 
culated from the time interval taken for the head to 
pass two contacts a fixed distance apart on the travel 


Table 2—Welding Conditions and Tensile Properties 


Welding Conditions 
Energy 
Input, Yield Ultimate Elongation Post 
Sample Preheat py Joules/In. Strength, Strength, in 2 in. at Heat or 
No. Volts Watts In. /Min. x 10-3 Psi. Psi. Fracture Storage 
E 6010 Welds 
C-1 72 25.5 4300 4.91 §2.5 50,220 70,170 23.5 Dry ice 
C-2 72 25.5 4300 4.94 §2.1 52,550 72,700 21.5 Dry ice 
C-5 72 25.5 4300 4.92 52.4 49,500 69,550 38.5 100° F. 
C-6 72 25.0 4300 4.92 52.4 49,200 68,050 37.5 100° F. 
C-12 150 26.0 4300 5.49 47.1 51,800 71,750 25.0 Dry ice 
C-13 150 26.0 4300 5.54 47.4 50,450 70,300 24.5 Dry ice 
C-31 400 25.5 4300 8.51 30.6 51,400 70,400 27.5 Dry ice 
C-32 400 25.5 4300 8.35 30.8 51,000 71,400 27 .5 Dry ice 
E 6016 Welds 
L-1 72 22.0 5200 5.94 52.6 52,400 72,500 25.5 Dry ice 
L-2 72 22.0 5200 5.94 52.6 52,200 71,500 24.5 Dry ice 
L-5 72 21.5 5060 5.88 §1.7 48,950 68,900 37.0 100° F. 
L-6 72 22.0 5200 5.92 52.7 48,100 65,400 39.5 100° F. 
L-11 150 22.5 5200 6.47 48.2 50,800 71,850 29.5 Dry ice 
L-12 150 22.5 5120 6.63 46.6 50,450 71,350 28.0 Dry ice 
L-31 400 23.0 5200 10.39 30.1 50,500 70,950 27.5 Dry ice 
L-33 400 22.0 5200 9.94 31.4 48,500 68,350 31.5 Dry ice 
LS-1 600 22.0 5600 5.52 60.9 46,350 67,400 27.0 Dry ice 
LS-2 600 22.0 5600 5.55 60.6 46,650 67,950 31.5 Dry ice 
Base Plate 
Yield Ultimate ©, Elongation 
Strength, Strength, in 2 In, at 
Psi. Psi. Fracture 
No. 1 As-Received 36,500 61,800 43.0 
No. 2 As-Received 35,500 62,150 12.5 
No. 3 Salt bath, 400° F. for 24 hr. 38,600 64,350 41.5 
No. 4 Salt bath, 400° F. for 24 hr. 37,540 
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Fig. 2—Yield Point and Ultimate Strength of E 6010 and 
Welds Made with the Indicated Preheats 


6016 


track. A recording watt-meter continuously measured 
the arc energy during arun. Arc voltage was measured 
by means of an ordinary voltmeter connected across the 
work table and the electrode holder. 


Selection of Welding Conditions 


Several factors determined the choice of welding condi- 
tions. First, the conditions had to be such that equal 
cooling rates at 1000° F. would be obtained for all E 
6010 and E 6016 welds at all preheats. Second, the 
selected conditions had to be within the range dictated 
by the operating characteristics of the electrodes. Third, 
for a particular preheat temperature it was desirable to 
maintain equal reinforcement for both E 6010 and E 6016 
welds so that the machined test specimens would have 
equal amounts (pounds per inch) of top pass weld metal. 
Initial experiments with the two type electrodes, in- 
volving deposition rates and various energy inputs, 
showed that the three requisites set forth above could be 
met. The conditions finally chosen for each type 
electrode are given in Table 2. These conditions yielded 
a cooling rate of 15° F. per sec. at 1000° F.* for both E 6010 
and E 6016 welds made at three different preheat tem- 
peratures. 


Test Specimens 


In the preparation of longitudinal tensile specimens 
the reinforcement was first machined off flush with the 
top of the plate, and then metal was removed from the 
bottom of the plate until proper thickness was obtained 
(Fig. 1 (A)). This procedure insured that all test speci- 
mens had approximately the same ratio of weld metal to 
base metal. Tensile records included yield point, ul- 
timate strength and per cent elongation in 2 in. after 
fracture. The free cross head speed was held at approxi- 
mately 0.07 in. per minute to fracture. 

Standard Charpy specimens were machined as shown 
in Fig. 1 (B). Impact tests* were made at various tem- 
peratures from —83 to 200° F. 

Hardness tests were made on the ground and etched 
surfaces of the tensile specimens prior to testing. 

With the exception of a few specimens all welds were 
stored on dry ice until tested either in impact or tension. 
This helped to minimize the escape of hydrogen. For a 
few specimens a salt bath was employed for postheat 
treatments at 400° F 


* Charpy tests were inade with equipment kindly made available by Dr. 
W. F. Hess of Rensselaer Polytechnic Institute. 
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Before discussing the results of tensile and imp) 
tests it should be pointed out that for all welds, exc¢, 
the special plates LS-1 and LS-2, the Rockwell ha: irdne 
of the heat-affected zone in similar geometric lo. 
was within the range Rs 77 to 80. This indicates 
all welds were made under conditions of nearly 


Results 


ALLIES 


equ 
ia 


cooling rates through the transformation range. fy, 
thermore, the weld metal analyses (Table 1) do not reve.) 
significant differences in chemistry between E 6010) ang 
6016 welds. It would seem, therefore, that any o} 


E 


served variation in physical properties reflects di ff 


ences in hydrogen 


11CT 


content of the samples. This sy 
position is not borne out, however, in the case of impac; 
tests, as will be discussed later. 


Comparison of E6010 with E 6016 Welds 


mens. 


Table 2 gives a complete summary of all tensile speci 


Vield point, ultimate strength and per cent elor 


gation data are presented graphically in Figs. 2 and } 
each bar on the charts representing the av erage of tw 
duplicate specimens, which in all cases checked closely 

Despite its lower hydrogen content E 6016 electrod 
produced welds with tensile properties nearly identical 
to those of E 6010 electrode. Figure 2 shows that EF (()|/ 
and E 6016 welds have essentially the same yield point 
and ultimate strength at preheats of 72, 150, and 4(\) 


F. 


In Fig. 3 the percentage elongation values for cor 


responding preheat temperatures barely favor E (\()\! 
over E 6010 welds (e.g., 29.5% against 27.5% for ‘preheat 
temperatures of 400° F.). The differences in ductility 


are very small in view of the accuracy of the test and ii 


real are considered of limited practical value. ‘The § 
6010 welds which were postheated at 400° F. for 2+ hi 
were indistinguisnible from like-treated E 6016 welds 
in so far as all tensile properties are concerned. 

Regardless of which electrode was used, fisheyes wer 
present in all tensile fractures except in the case of pos! 
heated samples. 
electrode between the number of fisheyes and the prel« 


temperature. 


T 


here was no correlation for eithe 


Also in no case were fisheyes observed ‘1 


the fractured Charpy specimens. 


The Charpy impact results differentiate between E ()\)|\) 


and E6 016 welds in pronounced fashion. In Fig. 4 energ 
absorbed in foot-pounds is plotted against testing t 

perature for welds with various histories. The transitic 
from high energy to low energy absorbed occurs for « 


E 6016 welds in the approximate temperature range, 
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—60° F. For all E 6010 welds this range is 75 
to 100° F. higher. Above the transition ranges E 6016 
specimens absorb more energy than E 6010 specimens 
from 16 to 36 ft.-lb. more for similarly treated samples 
contrast to the tensile properties of postheated . 
ite welds the impact properties of E 6016 specimens in the 
ly equal postheated condition are definitely superior to those of q 
Bur £6010. Since postheating eliminates most of the hy- 
ot drogen, differences in impact properties between the two . 
type welds cannot reasonably be ascribed to dissimilar 
hydrogen contents of the specimens. Nor do micro- 
differ structural differences account for the superiority of E 
“his su; 6016 welds in impact. Microexamination of sections 4 
f impact of both type welds reveal no difference in structure 
Figs. 5 and 6). The superior impact qualities of E ah 
6016 welds might be assumed to stem from some chem- 
sat cies PREHEAT 72°F 
~~ elon go|__DRY ICE STORAGE Fig. 5—Microstructure of E 6010 Weld Metal 
e of tw | » ° ical factor. fable 1, however, shows no major differ 
losely 60 - a ae ences in chemistry between the two type welds. Fur- 
lectrod 6 | o ther, a spectrographic analysis of weld deposits shows 
identical 5 | E€60I6 | that the minor alloying constituents (Cr, Cu, Ni, Ti, 
t E 6010 ° O | E60I0 Al, and V) are present in approximately equal amounts 
Id point 20 o. | in both E 6010 and E 6016 welds. The reason for the 
nd 400) ° be i  . FIG 4A difference in impact properties of the two type welds is 
for cor : 0 ° | : not known and more work must be done to explain this 
E 601 - superiority of E 6016 over E 6010 welds. 
100 iffect of Postheating 
st and i Postheating either E 6016 or E 6010 room temperature 
The E - a 7 T S welds at 400° F. for 24 hr. causes marked increase in per 
yr 24 hr © | wy , cent elongation values without appreciable change in 
6 welds oo - ; yield point or ultimate strength, and causes complete 
> | E6OIG elimination of fisheyes. The elongation for such post- 
res wer x 40 = , heated welds was 38°, compared with approximately 
of post Fe a E6OIO 25% for similarly made welds not postheated. Tensile 
r either “ 20 é a. tests of the base plate, heated at 400° F. for 24 hr. or 
prehe eo" e FIG. 4B tested as received, showed approximately 42% elonga 
tved it tion. As mentioned previously, postheating at 400° F. 
, does not affect the impact properties of welds made with 
E6010 100 either electrode (compare Figs. 4 (A) and 4 (B)). i 
PREHEAT 400°F Effect of Preheating 
ag tem RY TOR 
ine 80} ORY IGE _ Preheating* up to 400° F. causes but a small change 
. fe ru lo ~ * Bear in mind that at all preheats except 600° F. the cooling rate at 1000 vf 
| F. was maintained constant by appropriate adjustment of welding conditions 
range, | 
© 40 8 E6010 
| Fig. 4—-Impact-Temperature Relationship tor E 6010 and E 6016 
Welds with the Indicated Thermal History Fig. 6—Microstructure of E 6016 Weld Metal 
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importance. 
visualized behavior that slower cooling below the trans- 
formation temperature (caused by preheating) will pro- 
duce marked increase in weld ductility. 

In order to explore further whether it was possible to 
increase ductility and eliminate fisheyes through use of 
slower cooling (but without postheat), specimens LS-1 
and LS-2 were welded with an energy input of approxi- 
mately 61,000 joules per inch and a preheat of 600° F. 
These conditions yielded a cooling rate at 1000° F. 
much slower than 15° F./sec. (the cooling rate at 1000° 
F. for all other specimens), and were the highest energy 
input and preheat temperature practical to use. These 
specimens would be expected to be more ductile than 
other specimens not only because of greater opportunity 
for hydrogen removal but because of somewhat softer 
transformation products. Actually, the specimens were 
no more ductile and contained as many fisheyes as speci- 
mens welded at 400° F. preheat, but the hardness of the 
heat-affected zone was somewhat lower (73 as against 
78 Rs). 

With regard to impact tests on both type welds, pre- 
heating produces no effect on Charpy behavior from —85 
to +200° F. (compare Figs. 4 (A) and 4 (C)). 

Effect of Aging 

In order to determine the effect of aging on tensile 
properties, three E 6010 welds made at 72° F. were 
tested after storage at room temperature for various 


lengths of time up to 101 days. The results are pre- 
sented below: . 


Table 3 


Aging Yield Ultimate % 
Time, Point, Strength, Elongation 
Specimen Days Psi. Psi. in 2 In. 
C-1 1 50,220 70,170 23.5 
C-8 7 50,500 72,700 28.0 
C7 9 50,550 72,200 30.0 
C-9 101 53,400 74,200 25.5 


While the per cent elongation increases with aging, it is 
far below the value for postheated welds (38%) made 
with the same type electrode. Fisheyes were found in all 
aged samples. 

As in the case of postheated and preheated samples, 
the impact properties of both E 6010 and E 6016 welds 
are not altered appreciably by aging 60 days at room tem- 
perature (compare Figs. 4 (A) and 4 (D)). 


Remarks on Charpy Data 


It has been demonstrated that the impact properties 
of E 6016 welds made with initial plate temperatures of 
72° F. are superior to similarly made E 6010 welds. 
Furthermore, this relative superiority exists for the 
following procedures: (1) welded at room temperature 
and aged 60 days at room temperature, (2) welded at 
room temperature and postheated at 400° F. for 24 hr., 
and (3) welded with a preheat temperature of 400° F. 
Actually if Figs. 4 (A), 4 (B), 4 (C) and 4(D) are super- 
imposed it would be noticed that the various curves for a 
given electrode do not coincide exactly. There would 
be some indication that welds made with initial plate 
temperatures of 400° F. might be superior to welds of 
other thermal histories. In view of the scatter of points 
and the fact that there was some variation in the ratio 
of weld metal to base metal in the notched bars, the 
authors do not feel justified in concluding that preheat 
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in the tensile properties of either E 6010 or E 6016 welds. 
Figure 3 shows a slight increase in per cent elongation for 
both type welds as the preheat temperature is increased 
to 400° F. This increase, however, is small and of little 
These results, then, do not support the 


WELDING RESEARCH SUPPLEMENT 


induces superior impact properties. If preheating jg 
associated with better impact properties a different type 
of specimen (i.e., all weld metal) might show this. ~ 


Conclusions 


The following conclusions are indicated for groove 
welds in '/s-in. low-carbon steel plate and */j¢-in. diam, 
electrodes: 

1. E6010 and E 6016 welds having the same thermaj 
history during and after welding possess nearly identica| 
yield points and ultimate strengths in longitudinal tep. 
sion. The per cent elongation of E 6016 welds is equal 
to or slightly greater than that of E 6010 welds. 

2. The transition temperature of E 6016 welds jg 
75° to 100° F. lower than for E 6010 welds having the 
same thermal history during and after welding. 

3. Fisheyes occur in equal numbers in the tension 
fractures of all E 6010 and E 6016 welds made and treated 
under comparable conditions. 

4. Fisheyes do not occur in Charpy impact specimens 
of either E 6010 or E 6016 welds made under any of the 
conditions investigated. 

5. Postheating at 400° F. for 24 hr. increases the duc. 
tility of both E 6010 and E 6016 welds from about 24 
to 38% elongation in 2 in. 

6. Complete elimination of fisheyes in both E 601 
and E 6016 tensile specimens may be achieved by post 
heating at 400° F. for 24 hr. 

7. Postheating at 400° F. for 24 hr., which pre- 
sumably eliminates most of the hydrogen from specimens, 
does not effect improvement in impact properties oj 
either E 6010 or E 6016 welds. This indicates that the 
hydrogen content of impact specimens does not affect 
their impact properties. 

8. For both E 6010 and E 6016 welds no significant 
alteration in yield point or ultimate strength results from 
the use of preheats if compensating adjustments in 
energy input (for each preheat) are made to maintain 
equal cooling rates at 1000° F. A very slight increase 
in per cent elongation is produced through the use of 
preheat. 

9. Preheating and associated retarded cooling of 
E 6010 or E 6016 welds below the transformation range 
effects only a very slight improvement in per cent elonga- 
tion and causes no decrease in the number of fisheyes. 

10. For both E 6010 and E 6016 welds preheating to 
400° F., postheating at 400° F. for 24 hr., or room tem- 
perature aging for 60 days has little or no effect on 
Charpy impact properties. 

11. The improvement in per cent elongation of E 
6010 specimens caused by aging at room temperature up 
to 101 days is small compared to the improvement ob- 
tained by means of postheating at 400° F. for 24 hr. 
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Strain Aging in Welding Low-Carbon 
Structural Steel 


By W. H. Brucknert and W. E. Ellis‘ 


Tests were made of '/,-in. thick rolled plates 
of A.S.T.M. A7 steel welded with E 6010 elec- 
trode. Strain aging tests were made with 
taper-drawn, work-brittleness bars of plate and 
weld deposit drawn through a strain gradient of 
0 to 10%. Hardness tests were made to follow 
changes in hardness with time and temperature 
for definite strain levels. Charpy Vee notch 
impact tests were made over a temperature 
range to determine notch sensitivity and transi- 
tion temperatures of base plate and weld deposit 
in original condition, strain aged and in ther- 
mally stress-relieved condition. The base plate 
was deoxidized with silicon and was of good 
quality. The weld deposit was laid down in such 
a manner as to fully recrystallize all previously 
deposited weld metal. The susceptibility to age 
after straining is therefore found to be of a low 
order under the conditions of the tests per- 


formed. 


. Introduction 


RACTICAL considerations would indicate that in 

the use of structural steels there should be an inter- 

est or concern in the strain-aging behavior only 
when there is the possibility of plastic deformation and 
any resulting aging causing the steel to exhibit a serious 
loss of ductility. The possibility of strain-aging of the 
low-carbon structural steels has been associated generally 
with an expected embrittlement of the material. How- 
ever, there are two phenomena to be associated with 
strain-aging (1) a recovery effect which operates to re- 
duce the hardening or strengthening produced by prior 
plastic deformation and (2) a precipitation of one phase 
irom a saturated solid solution which operates as a hard- 
ening or strengthening mechanism. The properties 
which the metal system exhibits upon strain-aging are 
dependent upon the relative intensities of the recovery 
and the precipitation. Strain-aging may produce an in- 
crease in hardness and yield strength with a consequent 
loss in ductility if there is sufficient precipitate formed to 
overcome the opposing tendency of recovery. Strain- 


* Scheduled for Twenty-Ninth Annual Meeting, A.W.S., Philadelphia, Pa., 
week of Oct. 25, 1948. 

t Research Assistant Professor of Metallurgical Engineering in the Depart- 
= of Mining and Metallurgical Engineering, University of Illinois, Urbana, 


_} Formerly a graduate student in the Department of Mining and Metallur- 
gical Engineering, University of Illinois, now Metallurgist in the Research De- 
partment of the Timken Roller Bearing Co., Canton, Ohio. 

The junior author conducted the tests as a thesis assignment under the di- 
rection of the senior author to partially fulfill the requirements for the degree of 
Master of Science in the Department of Mining and Metallurgical Engineering 
of which Professor H. L. Walker is the Head. 


aging may produce softening and partial restoration of 
ductility if the amount of precipitate is so slight that re- 
covery or stress relief becomes the predominant phenom- 
enon. 

The present investigation was undertaken to explore 
the strain-aging behavior of welded joints made in a 
'/s-in. thick plate of A.S.T.M. A-7 steel which was of 
semikilled grade. Of the tests which could be made to 
serve as an indication of strain-aging the notch-impact 
test was the most sensitive. The notch-impact test was 
therefore employed as a final comparison standard for 
the strained and aged material. Hardness tests were em- 
ployed to serve as a continuing indication of the progress 
of strain-aging from the time immediately after straining 
to the time at which the final, notch-impact tests were 
made. Originally this investigation had been planned as 
a part of a larger undertaking which included the com- 
panion study of an A.S.T.M. A-7 steel of rimming grade. 
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Objectives of the Investigation 


The original objective of the program was to observe 
the strain-aging behavior of a rimming and a semikilled 
steel. Time limitations necessitated the restriction of 
the study to the semikilled steel. A report on the rim- 
ming steel will follow when completed. 

The study of the strain-aging behavior of the semi- 
killed steel was to include the following: (@) Comparison 
of the weld metal and the base metal outside of the heat- 
affected zone of welded joints in the as-welded and in the 
thermally stress-relieved conditions. This was done in 
order to determine the possibility of aging due to the 


1 Engineering Experiment Station Bulletin, University of Illinois to be pub- 
lished under authorship of W. M. Wilson, W. H. Munse and I. S. Snyder. 
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Table 1—Chemical Analysis of Plate H 


Element % 
0.21 
Mn 0.48 
Si 0.116 
P 0.013 
S 0.037 
Al Trace 


plastic strain produced in the joint during welding and 
while cooling subsequent to welding. The study of the 
thermally stress-relieved joint provided a base line which 
was the condition of absence of strain-aging from which 
by comparison the amount of strain-aging in the as- 
welded joint could be determined. (6) Comparison of 
the as-welded and the thermally stress-relieved welded 
joints with the behavior of a mechanically stress-relieved 
welded joint. In mechanical stress relief the welded 
joint is stressed beyond the yield point in tension and 
plastic deformation equivalent to about 0.25% elonga- 
tion is substituted for the residual stress system. 


Materials 


The base metal was a '/»-in. thick plate of as-rolled sili- 
con killed structural steel conforming to A.S.T.M. A-7 
specifications. All base metal samples were taken from 
Plate H remaining from the previous fatigue investiga- 
tion.2, The chemical analysis of this steel is given in 
Table 1 and the physical properties are given in Table 2. 


2 Work, H. K., and Enzian, G. H., ‘‘Effect of Deoxidation on the Strain Sen- 
sitivity of Low-Carbon Steels,’’ Trans. A.I.M.E., 162, 723 (1945). 


Table 2—Physical Properties of Plate H* 


Tensile strength, pei........................68,000 
Per cent elongation (8 in.)................... 31 
Per cent reduction of area. .................. 53 


* Wilson, Munse and Snyder. 
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Fig. 1—Cutting Diagram of Plate H 
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Welding was done manually by a qualified welder an, 


type E 6010 electrodes were used for all of the welds 
made. 


Procedure 


Plate H was cut as shown in Fig. 1 to provide spec 
mens for base metal tests and sections for butt welds 
The design and welding sequence for welds of types | ang 
2 are given in Fig. 2. Type 1 was a standard design 
used for welded joints tested in the fatigue investigatioy 
Type 2 was a modification which made it possible to re. 
move all-weld-metal specimens without including th, 
base metal for tensile and impact tests. Welds of Type | 
were made along the 32-in. length of the following pair; 
of sections shown in Fig. 1: W-W, U-U and |-\ 
These welds are designated, respectively, as welds W, 
and V in this paper. Welds of Type 2 were made wit} 
section pairs L-L and Y—-Y and are designated as welds 
L and Y. 

Welds V and L were left in the as-welded condition, \y 
was thermally stress relieved at 1150° F. and U was me. 
chanically stress relieved. Sections of the base metal 
were also stress relieved thermally and mechanically a 
the same time as were the welds. 

Preliminary strain-aging tests were made with tensile 
specimens of plate and weld metal. The terisile speci- 
mens were of the type shown in Fig. 3. A tensile speci- 
men of all-weld metal was removed from the Type 2 
Weld L. A tensile specimen of base metal with the length 
of the specimen in the rolling direction was removed from 


Electrode Current 
Pass Diameter, In. Amp. Remarks 

1 Type 1 5/30 160 E 6010 electrode, d. c. Rev. 
1 Type 2 5/39 140 polarity. Welded continu- 
2 3/16 200 ously while clamped to bench, 
3 3/16 200 cooled in clamped position 

4 200 

5 . 3/16 200 

6 5/39 160 


Fig. 2—Welding Sequence and Design of Welded Joint 
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Fig. 3—Design of Tensile Specimen 
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Fig. 4-Work-Brittleness Specimens 


Table 3—Per Cent Cold Work (Reduction of Area) at Notch 
Locations in Work-Brittleness Specimens 


——Cold Work, 


Distance from End Type l, Type 2, 

Notch with 0.450 In. 0.005-In. 0.025-In. 
No Diam., In. Taper Taper 
l 0.5 0.18 0.87 
2 1.6 0.60 3.05 
3 2.7 1.00 4.74 
4 3.8 1.40 6.74 
5 4.9 1.80 8.30 


Section J. The specimens were loaded in a tensile ma- 
chine to give approximately 2.0°) permanent strain as 
observed on a 2-in. gage length. The permanent strain 
obtained was 2.18 and 1.86%, respectively, for the speci- 
mens of base and weld metal. 

The hardness of small cylinders cut from the gage 
length portion of the tensile bars was determined imme- 
diately after straining and for various periods of aging 
time at room temperature and up to 450° F. The hard- 
ness tests were made with a Vickers, square base pyram- 
idal diamond with a load of 1 kg. on a Tukon hardness 
testing machine. The hardness was determined on a flat, 
circular surface normal to the axis of the tensile bar. 
This surface was carefully prepared by polishing as for 
metallographic examination. Successive series of hard- 
ness tests were made on the same cylindrical specimens by 
surface grinding after each series of hardness tests. The 
material removed in surface grinding was approximately 
5 times the maximum depth of the hardness indentations. 

Hardness tests were also made in the same manner as 
above at various periods of aging at room temperature 
on samples of the welds and base metal. The samples 
represented the original condition, as-rolled and as- 
welded and as thermally and mechanically stress relieved. 

The Izod impact test was used for work-brittleness 
tests* of 0.450-in. diam. cylindrical specimens which 
were provided with an Izod Vee notch 0.130 in. in depth. 
The work-brittleness tests appeared to be an ideal 
method of exploring a wide range of strain levels. The 
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Fig. 5—Details of Charpy V-Notch Specimen 


specimens were prepared as shown in Fig. 4 for the two 
types of specimens tested. The bars were cold drawn 
through a 0.450-in. diam. lubricated die which produced 
a strain gradient along the length of the bar. The maxi- 
mum strain produced is a function of the maximum orig- 
inal diameter, and the type of strain gradient developed 
is a function of the length of the tapered bar. Table 3 
shows the different amounts of cold work at various 
points along the bar at which the notch for impact tests 
of Type 1 and Type 2 specimens was placed. 

Charpy tests were also made with specimens of base 
metal and sections from welds W, U and V. The Charpy 
specimens represented the original condition and after 


Table 4—Schedule of Tests Made 


Material Condition Tests Made 
Type 1 Welds 
Weld V As-welded Vickers hardness vs. time at 72° 
F., Charpy impact tests after 
160 days at 72° F 
Weld W Thermally stress Vickers hardness vs. time at 72° 
relieved F., Charpy impact tests after 
156 days at 72° F 
Weld U Mechanically Vickers hardness vs. time at 72° 
stress relieved F., Charpy impact tests after 
102 days at 72° F 
Type 2 Welds 
Weld L As-welded All-weld-metal tensile test speci- 
men for hardness tests, round 
Izod impact, tests for control 
values of work-brittleness tests 
Weld Y As-welded All-weld-metal work-brittleness 
tests 
Weld L Annealed at Work-brittleness tests of annealed 


1650° F. and 
furnace cooled 
As-rolled 


weld metal and after aging at 
450° F. following cold drawing 
Vickers hardness vs. time at 72° 
F., Charpy impact tests 
Tensile specimen and 
hardness vs. time and 
perature 
Thermally stress Vickers hardness vs. time at 72° 


Base Metal 


Plate H Vickers 


tem- 


Strained 2% 


relieved F., Charpy impact tests after 
156 days at 72° F. 

Mechanically Vickers hardness vs. time at 72° 

stress relieved F., Charpy impact tests afte 


102 days at 72° F 


Table 5—Results of Type 1 Work-Brittleness Tests Made on Cold-Drawn Specimens of Base and Weld Metal 
Testing Temperature 72° F. Tests Made with As-Rolled Plate 


Specimen 1 ————_—————Ft.-Lb. Energy Absorption; Cold Work, % — 
No. Specimen Condition 0 0.18 0.60 1.00 1.40 1.80 
R, Control, not drawn 48.2,48.2 

48.5, 48.5 
49.3 53.2 48.0 16.5 49.0 
R, Drawn, aged 56 days at 72° F. 51.4 49.0 49.5 47.4 48.2 
R; Drawn, aged 2hr.at 213° F. 3...... 49.2 49.0 46.0 47.5 48.0 
R; * Drawn,aged5min.at450°F. ..... 48.2 47.5 46.5 45.5 
Tests Made with Weld Metal 
As-welded and drawn j= _...... 67.5 80.3 77.4 69.8 73.8 
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aging at room temperature following thermal and me- 
chanical stress relief. The Charpy specimens had the 
standard A.S.T.M. dimensions and the specimens of base 
metal were removed from the parent plate with their 
length in the direction of rolling. A Vee notch was used 
which was perpendicular to the rolled surface of the 
plate as illustrated in Fig. 5. The Charpy specimens of 
the welds were also of standard A.S.T.M. size and were 
provided with a Vee notch perpendicular to the rolled 
surfaces of the plate as illustrated in the photomicro- 
graph in Fig. 6. A Riehle impact testing machine was 
used for all impact tests with an initial energy in the pen- 
dulum of 220 ft.-Ib. Calibration of the impact testing 
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Fig. 7—Work-Brittleness of Type 1 Specimens of All-Weld 
Metal and Base Metal 
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Fig. 8—Results of Hardness Tests of Strained Base Metal, Aged 
at Various Temperatures 
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Fig. 6—Location of Notch in Charpy Specimens of Welds 


machine indicated that the jnitj, 
energy was within the limits of ¢}; 
A.S.T.M. specification E23-411. 4y 
of the impact tests and hardness gy; 
veys of the welds were restricted x 
far as possible to the equiaxed, ». 
crystallized weld metal in the center ,j 
the weld deposited metal, thus avyoj¢. 
ing inclusion in the tests of the colum. 
nar structure of the outer weld beac; 
The typical microstructure of the wel; 
metal included in the tests is given jy 
Fig. 20. 

Table 4 is a summary of the pro 
cedures used and gives a schedule 9 
the tests made. 
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Fig. 9—Results of Hardness Tests of Strained All-Weld Metal, 
Aged at Various Temperatures 


Discussion of Data Obtained 


The results of work-brittleness tests made on Type | 
bars which were strained by cold drawing to a maximum 
of 2% are given in Table 5 and also in Fig. 7. The weld 
metal and base metal appear to be insensitive to strains 
less than 2% or to aging at the specified time and temper 
ature following such straining. Similar test of the work 
brittleness bar of the base metal, aged for 56 days at room 
temperature, is shown in Table 5 but has not been plotted 


in Fig. 7. 


The data obtained from Vickers hardness tests of sec 
tions cut from the tensile bars of base metal and weld 
metal are given in Figs. 8and 9. For the base metal, Fig. 
8, the only positive manifestation of aging in which th« 
hardness became greater than the as-strained value was 
for the aging temperatures of 212 and 300° F. The unu 
sual data for room temperature, 72° F., aging in which 
the hardness dropped from the as-strained value sug- 
gested the possibility of inhomogeneous plastic deforma- 
tion in the tensile bar from which the sample for hard. 
ness testing was cut. The hardness data for room tem 
perature aging of the deformed base metal were thérefore 
checked by pulling another tensile bar of the same type as 
shown in Fig. 3 and measuring the hardness of specimens 
cut from the bar. The tensile bar was given a permanent 
deformation of approximately 2% and four cylindrical 
specimens for Vickers hardness tests were removed from 
the 2-in. gage length portion of the tensile bar. The ini- 
tial average hardness of the four specimens was slightly 
less than the 160 Vickers as shown in Fig. 9 but there was 
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a rapid drop in hardness up to three days after deforming 
the tensile bar. The average hardness remained constant 
after three days and up to 16 days of aging at room tem- 


perature; the tests are being continued. 

Apparently the original data were in error due to the 
inhomogeneity of deformation in the tensile bar. The 
data for the Vickers hardness vs. time at various tempera- 
tures for the weld metal which was strained 1.86%, Fig. 
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Fig. 10—Charpy Impact-Temperature Curves of As-Rolled 
Base Metal 
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Fig. 11—Charpy Impact-Temperature Curves of Base Metal, 
Thermally Stress Relieved 
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Fig. 12—Charpy Impact-Temperature Curves of Base Metal, 
Mechanically Stress Relieved 
1948 
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9, indicates that the weld metal exhibited strain-aging 
properties similar to that of the base metal. The unusual 
behavior of the sample of the base metal aged at 72° F. 
was duplicated by the sample of weld metal aged at the 
same temperature. 


Table 6—Results of Charpy Tests on Plate Material 


—Ft.-Lb. Energy —— 


Testing Specimen O, Specimen P, 
Temperature, Specimen J, Thermal Stress Mechanical 
°F. As-Rolled Relief Stress Relief 
—40 4.9 5.0 
—30 6.4 7.0 
— 20 15.9, 35.0,9.8 23.0 
—10 22 .1,25.2 9.3 9.9, 12.3 
0 45.2,44.8 44.9,9.9, 33.4 7.5, 43.7 
10 53.0 49.0 40.4, 46.8 
19 49.5 
20 50.5 55.0 34.0, 41.7 
30 52.6, 53.5 
40 53.8 54.6 50.5, 50.0 
50 54.8, 56.8 
72 49.8 53.0 53.0, 48.5 
100 19.8, 52.0 
105 53.9 
109 49.8 


Table 7—Results of Charpy Tests on Weld Metal 


Energy — 


Testing Specimen W, Specimen U, 

Temperature, Specimen V, Thermal Stress Mechanical 

As-Welded Relief Stress Relief 

—80 6.6,18.8 4.0,11.5 8.0, 6.2 

— 50 33.5, 16.0 21°.4, 10.0 23.8, 8.0 

—30 34.0, 19.0 58.0, 13.8 58.0, 42.0 
48 .5, 26.0 

—20 28.2, 42.0 35.5, 60.3 51.4, 50.7 
45.0,43.8 

-10 54.2, 54.7 3.8, 12.7 60.5, 63.0 
27 .0, 34.5 

0 56.8, 28.0 14.3, 65.4 68.4, 59.8 
32.0, 60.4 38.7,49.8 
10 59.8, 65.5 60.2, 55.7 
69.9, 69.2 87.3, 16.8 

20 41.0,61.5 67.5,74.5 69.3,71.0 
54.0, 46.5 87.5, 77.2 

30 78.0, 94.0 71.0, 86.0 95.5, 74.5 

40 79.8, 81.5 77.5,95.5 92.5, 88.5 

50 74.0, 73.5 98.5,93.2 74.5, 93.0 

72 81.9,81.8 88.8, 88.5 86.7, 86.5 

100 80.0, 88.4 84.8,91.5 84.7, 78.0 


Table 8—Summary of Transition Temperatures for Charpy 
Specimens 


Plate Material 


One-Half 


First Evidence Maximum 1% 
—— of Brittleness—~ —Energy Level— —-Contraction— 
Change Change Change 
from from from 
Conditions Original, Original, Original, 
of Test F. °F. °F 
As-Rolled 40 —10 —30 
Thermal 
stress relief 20 —20 2 8 — 40 
Mechanical 
stressrelief 40 0 0 10 0 30 
Weld Metal 
As-Welded 50 —10 ~80 
Thermal 
stressrelief 74 24 —5 5) ~50 30 
Mechanical 
stress relief 100 50 —28 —18 ~5O 30 
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The results of Charpy impact tests of the base plate, in 
the conditions as-rolled, thermally stress relieved and 
mechanically stress relieved, are given in Figs. 10, 11 and 
12, respectively, and are summarized in Table 6. A sum- 
mary of the transition temperatures using three different 
criteria for the impact tests is given in Table 8. There 
appears to be little difference in the impact-temperature 
curves in Figs. 10, 11 and 12 for the three different condi- 
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Fig. 13—-Charpy Impact-Temperature Curve of Weld Metal in 
As-Welded Condition 
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Fig. 14—Charpy Impact-Temperature Curve of Weld Metal, 
Thermally Stress Relieved 
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Fig. 15—Charpy Curve of Weld Metal, 
Mechanically Stress Relieved 
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tions of the base metal although different criteria {or th. 
transition temperature in Table & show a slight adyap. 
tage of a lower transition temperature for thermal streg 


relief over mechanical stress relief. -" 
The results of Charpy impact tests of specimens ,j 
welds are given in Figs. 13, 14 and 15. A summary of thy 
tests is given in Table 7 and all of the Charpy impact 
curves for specimens of plate and welds are reproduced jy ) 
Fig. 16. For the impact tests of the welds there appear 7 
to be an advantage of a slightly lower transition tem. ; 
perature for the mechanically stress-relieved welds aged 
at room temperature when the criterion of transition 
temperature is based on the energy absorption. Except 
for this one lower transition temperature, the impact = 
temperature curves show about the same transition tem. os 
peratures for the base plate and weld under the same cop. the 
ditions. Using either the first evidence of brittleness o; tle! 
1% contraction as transition-temperature criteria, the as. str: 
welded condition has an advantage over both thermal : 
and mechanical stress relief. we 
In all of the Charpy impact tests made, it is especially JR pa 
significant that energy absorption was not decreased, nor th: 
yas the transition temperature raised due to the plastic sul 
straining in mechanical stress relief followed by aging at str 
room temperature, thus indicating the absence of embrit, we 
tlement due to strain-aging. The lack of any marked str 
improvement in the impact behavior of the welds due t Fi 
re: 
mi 
as 
So 
80 ag 
¢ fu 
at 
60 
a | tl 
= / Ir as rolled a 
3 i/ H —-— thermal stress relief 
a 
— 
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Fig. 16—Summary of Charpy Impact-Temperature Curves 


KEY 
S All-weld Metal 

ro © as welded 
\ X aged 5 Min, 450°F. 
40 @ annealed 1650°F. — 

@ annealed and aged 

3 5 Min. 450°F. 
3 J 
2 20 


0 2 4 ° 8 lo 12 1, 
Cold Work = per cent 


Fig. 17—Work-Brittleness — Type 2 Specimens of Weld 
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Table 9—Results of Type 2 Work-Brittleness Tests Made on Cold-Drawn Specimens of Weld Metal 


Specimen Ft.-Lb. Energy Absorption; Cold Work, %——-—-—- 


No. Specimen Condition 0 0.87 3.05 4.74 6.74 8.30 
Control, not drawn 75.0, 76.5 

74.8, 78.5 

74.5 
L Control, not drawn 72.5, 70.5 

78.4, 73.5 
80.5 62.5 64.0 54.2 53.0 
Y, Drawn,aged4min.at450°F. —..... 68.0 31.5 16.2 14.2 33.0 
Annealed at 1650°F. Drawn, _..... 49.2 33.3 12.2 7.6 

not aged 

Annealed at 1650°F. Drawn,  _..... 30.0 7.4 6.6 5.0 5.8 


aged 5 min. at 450° F. 


thermal stress relief also indicates the absence of embrit- for the welds made with the steel as base plate, it was 
tlement in the as-welded specimens due to aging after the found that there were no significantly large changes in 
straining in the contraction of the welds on cooling. Charpy impact behavior due to thermal or mechanical 
The hardness tests on tensile specimens of base and stress relief and aging at 72° F. as compared with the orig- 
weld metal plastically strained 2% and aged and the im- _jnal as-rolled base metal, and the original weld metal in 
pact tests of the Type 1 work-brittleness bars indicated the as-welded condition. For the weld metal the speci- 
that both the base and the weld metal did not harden, or mens were representative of the equiaxed, recrystallized 
suffer a loss of impact resistance in aging, after plastically portion of the weld deposit. The portions of columnar 
straining to the maximum amount of 2%. The results of 
te: structure representing the unrecrystallized weld deposit 
work-brittleness tests of the weld metal plastically an tor on 
strained to a maximum of 8'/s% are given in Table 9 and ads were excluded as lar as possible 
Fig. 17. The two curves at the top of Fig. 17 show the rom all of the tests made of the weld metal. | 
results of the round-Izod, notch impact tests of the weld Work-brittleness tests were made on specimens of base 
metal in the as-welded and strained condition, and in the ad weld metal. When the prior cold work of the work 
as-strained and aged condition. There appears to be brittleness bars was less than 2% there was no significant 
some sensitivity to strain-aging beyond the 2%strainlevel. change in the impact energy absorption of the as-strained 
The two lower curves in Fig. 17 show the results of or the strained and aged material. An increase in the 
tests made with weld metal which before straining and amount of deformation beyond 2% cold work induced a 
aging had been given a furnace anneal at 1650° F. and _ significant reduction in the energy absorption of the as 
furnace cooled. The decrease in the energy absorption strained and the strained and aged specimens of weld 
and the high sensitivity to straining and aging is most metal. The most significant reduction in impact energy 
marked. The microstructure of the annealed weld metal absorption was found to occur when the weld metal was 
was examined and it was found that the ferrite grain size 
had been increased and the carbides had been rejected to 
the grain boundaries of the ferrite as illustrated by the it : 
hotomi ‘TOogTa yhs of Fi xs. 1S and 19. The as-welded mi- and appeared to be well made, CORSE only weed 
pa crogray g 
crostructure of the equiaxed portion of the weld deposit is striations of inclusions elongated in the rolling direction. 
given for comparison in Fig. 20. It wi uld therefore be representative of the better grades 
of semikilled steels. The behavior of the base metal re 
ported here cannot be considered typical of the general 
For the particular semikilled steel chosen for tests, and class of semikilled steels with lower silicon content. 


annealed and subsequently strained and aged. 
The one semikilled steel used had a high silicon content 


Summary and Conclusions 


Fig. 18 Fig. 19 Fig. 20 


Fig. 18. (100 x) and Fig. 19 (500 x)—-Photomicrograph of Annealed Weld Deposited Metal 
Fig. 20—Photomicrograph of Equiaxed Portion of Weld Deposited Metal in As-Welded Condition. 100 x 
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This paper discusses a problem of considerable 
interest to the welding industry. Measurements 
have been made of the radiation from the weld- 
ing arc, which show that the total radiation that 
can reach the welder is of about the same inten- 
sity at his eye as that from direct sunlight. Di- 
rect measurements of the intensity of solar radi- 
ation with a vacuum thermbdpile are described 
and also measurements taken through an ab- 
sorption cell made from a bullock’s eye between 
quartz plates. 


NE of the health risks of a welder is that of eye 
injury due to the radiation from the arc. Ade- 
quate precautions against this danger are taken 

in the form of protective filters, the qualities of which 
have been established by B.S. Specification No. 679.1947. 
Not unnaturally, such a specification must err on the 
side of safety in view of the inadequate availability of 
data on the radiant energy from the arc and of the mag- 
nitude of the risk of eye damage. The following results 
arose from work undertaken to estimate the intensity as 
well as the range of the radiation emitted during metallic 
are welding, and the absorption of radiation in the eye, 
in order that safety precautions can be based on more 
precise knowledge of the risk involved. 

{ The whole range of electromagnetic radiations is 
classified according to wave length in Fig. 1. From the 
welder’s aspect, the ultraviolet, visible and infrared 
radiations are significant, although the visible light is 
the most noticeable. Any dark colored glass can reduce 
the intensity of the visible light to a comfortable degree 
but may have little effect on the two other forms of the 
radiation, which fail to produce the sensation of vision 
but which have the properties of being very active bio- 
logically. 


Effect of Ultraviolet on the Eye 


The ultraviolet radiation is known to be dangerous to 
the human body in wave lengths only slightly smaller 
than the visible light, which inflame the skin to a depth 
of only about 1 mm. since they are readily absorbed. 
Ultraviolet radiation of shorter wave length might be 
equally dangerous if it were not so readily absorved by 
the atmosphere. 

Ultraviolet radiation from the arc is absorbed by the 
cornea of the eye, the first hard tissue which it meets. 
In mild doses this produces no immediate effect; like 
sunburn the discomfort develops after several hours and 
produces the familiar sensation of sand in the eye, known 
to welders as “‘arc eye.’”’ A water-cooled, high-pressure, 


* Reprinted from June 1948 Issue of Trans. Inst, Welding. (London) 


Radiation from the Welding Arc 


Its Effect on the Eye 


By E. van Someren, B.Sc., A.Inst.P., and E. C. Rollason, Ph.D., M.Sc., F.I.M. 
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mercury-vapor arc gives ultraviolet radiation as well as 
visible light, but no infrared since this is absorbed by the 
cooling water and the injury arising from staring into , 
searchlight of this type shows that arc-eye is produced 
by the ultraviolet radiation only. Until water-cooled 
arcs were available it was difficult to prove that this typ 
of injury was not partly due to the infrared radiation 
which usually accompanies the arc. 


Effect of Infrared on the Eyes 


Two types of eye injury have been attributed to inira 
red radiations. The more familiar of these is “cataract 
—a change in the tissue of the lens of the eye occasionall 
observed in elderly glass blowers and furnace workers 
This is becoming rather rare as an industrial disease and 
the authors have not been able to trace any instanc 
definitely attributable to welding. It is customary t 
predict that, as the number of elderly welders who use 
inferior types of welding glasses increases with time, 
some of them will probably suffer from cataract. 


ELECTROMAGNETIC SPECTRUM 
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The other type of eye injury is generally known as 
“eclipse blindness.” This is due to a burn on the retina 
where a bright light, such as the sun, has been focused 
by the lends of the eye. People watching eclipses some- 
times risk looking straight at the sun when its total 
brilliance has been reduced because most of it is invisible ; 
and this causes partial blindness which is occasionally 


permanent. Similar injuries have been reported when 
aircraft spotters in tropical regions have gazed toward 
the sun without goggles, or with glasses which gave in- 
sufficient protection against heat, and this type of injury 
is relatively easy to identify because the victim looses 
the ability to see clearly with the part of his eye burnt 
(usually the center) after an exposure of a minute or so. 
Blindness from lightning flashes may be of this type but 
as a good deal of ultraviolet radiation is also present it is 
more difficult to assign the cause of this injury incon- 
trovertibly. 


Units of Radiation 


Infrared radiation is perceptible as a sensation of 
warmth on the skin and quantitative tests have shown 
that the skin of the face is sensitive enough to detect a 
rise in temperature of 0.004° C. in 3 sec. This can be 
produced! by radiation of an intensity of 0.24 mw./cm.’ 

Different physiologists and physicists have used dif- 
ferent units for measuring intensity of radiation, but to an 
engimeering reader milliwatts per square centimeter is 
the most convenient unit since it is related to the ordinary 
measurement of electrical energy. Actually the effect 
of radiation in mw./cm.’ is varied considerably by the 
range of wave lengths received. The figure for heat 
sensitivity on skin is for the wide range of infrared ob- 
tained from a metal filament lamp filtered so as to remove 
most of the visible light. The energy necessary to pro- 
duce sunburn on the skin has been measured by Co- 
blentz at the National Bureau of Standards in the U.S.A. 
who found that 0.15 mw./cm.? of near ultraviolet radia- 
tion will redden untanned skin in 15-20 min. The total 
energy of sunlight is somewhat variable at sea level for 
climatic reasons but is of the order of 100 mw./cm.? 


Enetgy from the Welding Arc 


Are welding now covers a wide range of work and for 
our measurements we selected the arc from a 4-gage 
coated electrode using 280 amp., so as to be above the 
average range but not outside that used for routine work 
in heavy engineering. The total energy input to an arc 
of this type is about 7.0 kw. and this figure was used as a 
basis for calculating the maximum energy which can be 
radiated, as decribed below. The whole range of welding 
currents used corresponds to an energy range from about 
one-tenth to about three times this figure, but it is to be 
expected that the distribution of the radiation over vari- 
ous wave lengths will not change very much in this range. 
Gas welding operations produce quite a different mixture 
of radiations and are not discussed in this paper. 

The task of assessing the danger from a welding arc 
can be divided into two parts: (1) determination of 
total energy radiated, and (2) allocation of the energy 
between different wave lengths some of which are dan- 
gerous and others innocuous. Assessment of the total 
radiation is usually done by guessing since it is very dif- 
ficult to include all the factors on which to base a scientific 
estimate. An estimate of this type was published in 
Securitas (March 1940), the organ of the Italian Safety 
First Association, who considered that an are using 7.5 
kw. would be likely to emit 40% of this energy as radia- 
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tion, i.e., 3 kw. An estimate based on different assump- 
tions for an are using 7.0 kw. as described below, also 
results in a figure of 3 kw. for the energy radiated. In 
spite of this good agreement, an attempt to verify the es- 
timates by direct measurements, using a vacuum ther- 
mopile, was made in our laboratory. 

A vacuum thermopile consists of a set of junctions be 
tween thin films of two metals supported in an evacuated 
bulb, so that when radiation falls on the metal surfaces 
an electromotive force is produced, which can be read 
from a galvanometer. The thermopile used had an area 
of 0.4 em.’ (about that of a human eye) and a thin 
quartz window which is quite transparent to ultraviolet 
light and to the infrared down to 5u. This will, there- 
fore, indicate the total energy emitted by a source of 
mixed radiation, except for a fraction at the long wave 
lengths. The thermopile was calibrated by the use of a 
standard lamp. 


Observations of the Arc]J 


Observations were made on a welding are of the type 
described above with the vacuum thermopile at a dis 
tance such that the output of the thermopile gave a suit 
able galvanometer deflection; and assuming the inverse 
square law the deflection was recalculated to a distance 
of 31.6 cm., which is the least distance at which a welder 
is likely to view an arc through a screen. 

It was found that the total energy received by the 
thermopile varies considerably with the angle at which 
the are is viewed; and normal conditions were ap- 
proached by viewing the are at an angle of 45° in a plane 
at right angles to that of the electrode; this gives a 
viewing angle similar to that of the welder. As the 
electrode was heavily coated, the upper part of the arc 
column was concealed by the coating except for its re- 
flection in the molten metal. The pool of molten metal, 
however, forms a concave mirror which will concentrate 
the light emitted by the crater of the electrode in a nar 
row beam in the same plane as the electrode. The radi- 
ant heat from the molten metal, and from the red hot 
metal surrounding the pool, was of course registered by 
the thermopile as well as the actual light; observations 
were not recorded until after 15-30 sec. welding had 
heated a considerable area of metal. 

The measurements will be given in detail below but 
one can estimate roughly from the radiations received 
at 45° what the total radiation from the are and pool 
would be, on the assumption that it is a point source 
radiating uniformly over a hemisphere. This gives a 
figure of 1.7 kw., i.e., 24°) of the energy input of the arc. 
The actual intensity of radiation received by the ther 
mopile corresponded to 135 mw./em.’ at 31.6 cm. range, 
or 85 mw./cm.? at 40 cm. range. 

As one is not accustomed to estimate energy in milli- 
watts per square centimeter at the eye, figures have been 
collected at various places for the total energy in sunlight 
in the same units and these range from 10-100 mw./cm.* 
according to the time of year. Direct observations of 
sunlight at Waltham Cross, Herts, have been made using 
the same thermopile and the same calibration factor and 
these range from 40-120 mw./cm.* which shows that the 
calibration of the thermopile was reasonably accurate. 


Distribution of Radiant Energy 


A radiating body, such as the metal filament of a lamp 
or a piece of red hot coal, emits light and heat of a mix- 
ture of wave lengths which can be represented by a curve 
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of the type shown in Fig. 2. The shape of the curve can 
be calculated on the assumption that the radiation is 
that of an ideal “black body” and is summarized by two 
numbers; a wave length corresponding to the peak of the 
energy curve and a brightness figure corresponding to the 
energy radiated per square centimeter of the hot surface. 
The latter is represented by the area under the whole of 


the curve and the height of the curve at any point repre-— 


sents the relative intensity of radiation with that par- 
ticular wave length. 

Observations on sunlight indicate that outside the at- 
mosphere the radiation is similar to that of a black body 
at 6250° K., but the sunlight reaching the earth’s surface 
has some of the ultraviolet and some of the infrared 
filtered out by the atmosphere so that the curve is less 
regular though its general shape is unchanged. 

In order to calculate the distribution of radiation from 
a welding are we have added together the radiation from 
a black body at 4650° K. representing the arc itself and 
the radiation from a pool of molten metal at 1930° K. 
representing the crater. The, temperature assumed for 
the arc gives a peak of the arc emission at .625u; this is 
a higher temperature than was assumed by Italian 
workers’ but lower than some Canadian estimates? of arc 
temperature. By inspection of the welding arc, and 
after making allowances for the depth of cup at the elec- 
trode tip, we have estimated it to be a cylinder about 10 
mm. long and 3 mm. in diameter with an area of | cm.’; 
this determines the total energy radiated and hence the 
height of the peak in Fig. 2. The pool of molten metal is 
estimated to be about 12 mm. wide by 20 mm. long with a 
surface area of 1.8 cm.? and a temperature about 200° C. 
above the melting point of steel. The peak of the radia- 
tion curve from this source is at 1.5u and its height is 
14% of that for the arc curve. 

A further contribution to the infrared radiation is 
made by the hot metal outside the pool of the welding 
arc, but this is very variable from one job to another 
and as the total energy radiated is proportional to the 
fourth power of the temperature, the error due to neglect- 
ing this is small. An area of 8 cm.* with an average 
temperature of 630° C. (just below red heat) would only 
contribute 1% to the total energy radiated and this 
would be entirely in the infrared. 

The total energy radiated by a black body is given by 
the formula: 


5.67 X T* X the area X 107!2 watts 


Hence, we get from the: 


Area, 

Arc column 1 
Metal pool 1.8 


Total energy 


It is not quite straightforward to add energy radiated 
at one temperature to energy radiated at another; but 
published figures for the distribution of energy from 
black body enable the energy distribution for each oj 
these sources to be tabulated in terms of wave lengths 
and afterworking out these data, the energy at each wave 
length can be added together from the two sources to ob- 
tain the new energy distribution shown graphically in 
Fig. 2. After the summation was made, the percentage 
energy in each of four wave-length ranges was calculated 
as a fraction of the total and the distribution of energy 
between the wave-length ranges given in Table 1 was 
worked out. This was done first graphically and then 
more accurately with a calculating machine. 


Are Reaching 
+ Retina 
-———Wave Band———— Pool of Eye 
Ultraviolet 0.2-0.4u 5 0.24 
Visible 0.4-0.75p 26 16 
Infrared 0.75-1.34 31) 69 12 
Beyond 1.3y* 0 


* The figure for wave lengths beyond 1.3 is an approximate one 
based on assuming linear approach of the graph to zero at 10u 


On the basis of this distribution of energy, two further 
modified sets of figures were calculated. The first is the 
fraction of radiation which is absorbed by the tissues of 
the eye, so that it can give rise to injury or temporary 
change. The second is the fraction of radiation which 
passes through a welding glass of one particular type, 
and would, therefore, be available for producing:a retinal 
burn. These two calculations cor- 
respond to the two types of eye in- 
jury mentioned. 


Radiation Absorbed in the Eye 
rioo 
- 90 The Grotthus-Draper law states 
that radiant energy must be absorbed 
8O 


in order to produce a reaction; there- 
L 90 fore, only the rays absorbed by the 
lens of the eye and its adjacent tissues 
can play a part in causing an injury; 
the adjacent tissues are included be- 
cause if they are warmed by the en- 
r 40 ergy they absorb they cease to be 
ee able to play their part in cooling the 
lens. Unfortunately, opinions about 
the absorption of radiation by the 
L 10 tissues of the eye are not unani- 
mous; it appears that beyond 1.3 


[ULTRA — VIOLET |VISIBLE| INFRA RED “| but between 0.75 and 1.3 there is a 
region where a fraction of the energy 

Fig. 2—Energy Distribution in Sunlight and the Welding Arc is absorbed. 
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Since 31% of the energy in the arc appears in this 
wave-length range, a calculation has been made of the 
energy transmitted to the retina, using a table for the 
transmission of the ocular media provided by Dr. R. H. 


Peckham, of Temple University, Philadelphia. This 
gives a set of figures for each of the four wave bands 
measuring the percentage of the original energy radiated 
by the are which can reach the retina and these figures 
have been put in the final column of Table 1.. The en- 
ergy absorbed in the tissues, which alone can produce 
heat, is then obtained by subtracting the 12% which 
reaches the retina from the 69% infrared energy; leav- 
ing a final figure of 57%. - No great precision is at- 
tached to this estimate which we would prefer to de- 
scribe as between half and three-quarters; and conse- 
quently an attempt was made to check this by actual 
observations. 


Test on Bullock’s Eye 


As a human eye was not available measurements were 
made with a bullock’s eye partially dissected and en- 
closed between two fused quartz plates 20 mm. apart. 
The eye from a freshly killed bullock was procured and 
opened; the cornea, lens and vitreous humour were 
transferred to the quartz cell after removing the iris so as 
to leave a clear circle about */, in. in diameter through 
which observations could be taken. The cell was com- 
pletely filled with the liquid from the eye so as to mini- 
mize any refractive effect and measurements were made 
before turbidity set in due to incipient decomposition of 
the tissues. 

Observations were made of the energy transmitted by 
the cell from a welding arc, taking about 280 amp. as 
specified above, and these were supplemented by meas- 
urements on the cell filled with water and the cell filled 
with 10% ferrous ammonium sulphate. It was found 
that the absorption by the bullock’s eye was intermediate 
between that of water and ferrous ammonium sulphate 
solution and, for subsequent measurements of sunlight, 
only the absorption by water and ferrous ammonium 
sulphate was measured since the eye had become turbid. 
The results are summarized in Table 2 in which they are 
expressed in mw./cm.* for comparison with those quoted 
above. Of the total radiation transmitted by the quartz 
plates about a quarter was transmitted through the eye. 


Measurements on Sunlight 


Similar observations on sunlight indicate that, of the 
radiation transmitted by the quartz plates, about half is 
transmitted through the fluids of the eye. This con- 
firms that about three quarters of the radiation from an 
unfiltered welding arc is liable to be absorbed in the 
tissues of the eye; or for sunlight more nearly a half. 
The quartz plates forming the cell were each 3 mm. thick 


Table 2--Thermopile Readings of Energy Through 


20-MM. Cell 
—Welding Arc ——-Sunlight——— 
Mw./ Mw./ 
Observed Through Cm.? % Cm.? 
No cell 135 148 
Cell empty 95 70 93 67 
Cell + water 38 28 68 46 
Cell -+- Fe(NH,)2(SO,)2 18 13 36 24 
Cell + eye 22 16 About 33 
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and 6 mm. of quartz will have absorbed a considerable 
fraction of the radiations with wave lengths greater than 
5u; but this is the most transparent material available 
from which a cell can be made. 


Comparison of Welding Arc and Sunlight 


The measurements quoted in Table 2 and other meas 
urements quoted above confirm that the total energy 
which can be received from the sun by an observer at the 
earth's surface is approximately equal to that of a welding 
are of the type described at a distance of about 32 cm. 
and in both cases the fraction of the radiation which can 
be absorbed so as to cause a chronic injury in the eye is 
roughly similar. It is suggested that a reasonable stand 
ard. of protection from infrared radiation in the welding 
are would be given by a filter whose absorption is similar 
to that of the human eyelid. This is difficult to measure, 
since the eyelid produces diffusion of the radiations as 
well as absorbing part of them, but the difficulty is not 
fundamental since the heating effect of diffused radiation 
is just the same as that of a focused beam of light. 

Another assessment of this risk can be made if we as- 
sume that the reflecting power of an average landscape 
is 5% for infrared radiation. Rocks and sand probably 
reflect more than this and herbage less, but the strong 
reflection of near infrared light by chlorophyll shown in 
infrared photography suggests that 5°; is not much too 
high. A 5% reflectivity is equivalent to a filter density 
of 1.3 to the near infrared wave band. 


Radiation Reaching the Retina 


A retinal burn can only be produced by the infrared 
radiation of wave length between 0.75 and 1.3, since 
beyond that wave length the other tissues of the eye are 
completely opaque. Visible radiation might also con- 
tribute its energy to cause this type of injury and it is 
hard to disprove this, since until recently it has been 
difficult to obtain filters which separate the visible radia- 
tion from the near infrared. The British Standard for 
welding glasses does not prescribe a separate measure- 
thent for infrared radiation, but lays down the rule that 
for a filter used in arc welding the density to total radia- 
tion (from a metal filament lamp of specified type) must 
not be less than 3.0, while the visual density may vary 
between 3.0 and 6.0 in a series of shades. 

Filters made of a single sheet of glass containing ferrous 
iron can be made to comply with this specification, but 
have the disadvantage that they often absorb heat so fast 
that they crack suddenly while in use. For many years 
laminated glass filters have been used in which the dan- 
gerous ultraviolet radiation is absorbed by two thick 
nesses of glass while a plastic interlayer contains dyes 
which absorb visible radiation and relatively little infra 
red. In these the density for total heat varies between 
1.5 and 2.5 while the visible density varies from 4.0 to 6.0. 


Tests on Shade 8 Filter 


As a check on the danger to the eye which might be 
thought to arise from the fact that this type of filter does 
not comply with the B.S. specification, a shade 8 glass 
was obtained with a visible density of 3,0 and a density to 
total heat of 1.2. A glass of this shade is considered by 
most welders too light for any type of are welding. The 
infrared absorption spectrum of this goggle glass was 
measured and is plotted against wave length in Fig. 3. 
The quantity of energy transmitted in the near infrared 
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obtained above for the filter withoy, 
a cover glass. 


Observation of Welding Arc 
through a Filter 


rO-4 


As a further check on the safety oj 
me this type of welding glass, one of the 
authors stared at an are from a 4-gage 
electrode carrying 280 amp. through 
the Shade 8 filter in this position for 
Le exactly 2 min., using one eye only. 
The are was unpleasantly bright and 
produced an “‘after image’’ that per- 
sisted for several minutes. Two 
= hours later the vision of each eye was 
tested by a specialist in industrial 
eye injuries who reported that there 
was no sign of any visual deficiency 
such as would have appeared if the 
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Fig. 3—Infrared Absorption of a Welding Glass 


region by this filter was worked out by taking the figures 
for the relative energy in the welding arc at various wave 
lengths from Fig. 2 (as percentages of the total energy) 
and multiplying each by the transmission of the filter at 
that wave length, using the fraction of light transmitted 
instead of the density which is plotted in Fig. 3. 

The resultant curve has also been plotted in Fig. 3 and 
gives the energy reaching the eye at each wave length as 
a percentage of the total energy radiated by the arc. The 
area under this curve has been calculated by adding the 
products with a calculating machine, and in the wave- 
length range of 0.75 to 1.34, known to be dangerous to 
the retina, the transmitted energy is 0.92%. If this is 
augmented by an estimated figure of 0.65% for the en- 
ergy transmitted in the visible spectrum, we get a total 
of 1.7%, which for a welding arc observed at a distance 
of 31.6 cm. corresponds in intensity to 2.3 mw./cm.? at 
the eye. The total area under the curve can be esti- 
mated as about 5% of the arc energy or 6.8 mw./cm.’ 

In order to obtatn direct confirmation of this estimate, 
measurements of total energy were made through this gog- 
gle glass set about 30 cm. from the welding arc, observed at 
an angle of 45° asbefore. In order to make the conditions 
comparable with those in general use a cover glass (ordin- 
ary glass 1.3 mm. thick) was put in an ordinary welding 
screen and the goggle glass superimposed on it. Under 
these circumstances the total radiation reaching the 
vacuum thermopile was reduced to about half the value 
previously observed, but this is partly due to the dif- 
ficulty of striking an are at a specified point, partly to 
the cover glass and partly to the fact that the inverse 
square law does not hold strictly for a source as large as 
the pool of welding arc. The figures for total radiation 
in mw./em.? are: Through cover glass only, 77 mw./ 
cem.?; through cover glass + filter, 4.6 mw./cm.* 

This observed figure of 4.6 mw./cm.* for the filter plus 
the cover glass affords a reasonably good confirmation of 
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30 Ab exposure to radiation had been big 
enough to cause a burn. With filters 
normally used, therefore, the factor 
of safety against eye injury due to 
infrared is considerable. 

The ratio of the total-heat density of this filter (1.2) 
to the prescribed minimum density of 3.0 is 1/630, since 
the density is the logarithm of the reciprocal of the frac- 
tion of light transmitted. 


Conclusions 


Measurements have been made of the radiation from 
the welding are which show that the total radiation which 
can reach the welder is of about the same intensity at his 
eye as the radiation from direct sunlight. The difference 
in the distribution of the energy from these two sources is 
illustrated in Fig. 2. As regards the risk of cataract 
from radiation absorbed in the cornea and lens of the eye, 
the transmission factor of a filter for infrared radiation 
would be safe if it is of the same order as the reflection 
factor of our average surroundings for the corresponding 
wave lengths. With respect to retinal burns from radia- 
tion transmitted through the eye to the retina, direct ex- 
posure of an observer’s eye to a welding arc has estab- 
lished an intensity level which is safe. This confirms 
that the current B.S. Specification allows a factor of 
safety of the order of 500. Calculations of the energy dis- 
tribution in the welding arc based on estimated tempera- 
tures for the arc column and pool have given figures 
which are approximately confirmed by direct measure- 
ments with a vacuum thermopile. 

The authors gratefully acknowledge the assistance of 
Maj. Joseph Minton, F.R.C.S., and of Adam Hilger Ltd., 
who provided the quartz plates for the experimental cell. 
This work was carried out in the research laboratories of 
Murex Welding Processes Ltd. 
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Shrinkage Stresses in Spot-Welded 
Joints 


By Viktor Hauk 


HRINKAGE stresses may be measured by me- 

chanical,' optical*»* and X-ray* methods. Ad- 

vantages of the X-ray method are its nondestruc- 
tive nature and its applicability to small areas such as 
notches.*» © However, the measurements are restricted 
to the surface stresses, the accuracy is low, and both 
X-ray and optical methods are less simple and more ex- 
pensive than the mechanical methods.’ Several 
papers*-'! have been published on measurement of 
shrinkage stresses in welds by X-rays. Only a few papers 
report measurements on spot welds. F. Bollenrath’* 
and R. F. Tylecote'® describe photoelastic studies of 
stress distribution in spot welds, but nothing has been 
published on shrinkage stresses. In this report back- 
reflection X-ray measurements of shrinkage stresses in 
spot welds are described. 

The experiments were performed on thin sheets 0.102 
in. thick to avoid a triaxial stress system. A manganese 
steel of the following composition was used: 0.20% C, 
0.49% Si, 2.14% Mn, 0.025% P, 0.024% S. Disks 
5'/. in. diameter were cut from a '/s-in. sheet and both 
sides were ground and polished to the final thickness of 
0.102 in. To secure fine grain the disks were embedded 
in iron powder and heated 3 hr. at 450, 530 and 600° C. 
with furnace cooling. In this way the disks initially 
were free from stress. Two tensile bars were machined 
from a disk and yielded the following properties: yield 
strength (0.02% offset) = 91,000 psi.; yield strength 
(0.2% offset) = 99,000 psi., tensile strength = 116,000 
psi., elongation = 20.0% in 5 diameters, Young’s 
modulus = 31,200,000 psi. 

The spot welds were made in a_ tube-controlled, 
Siemens spot-welding machine with 40 cycles (0.8 sec.) 


* Translation of Ueber Eigenspannungen von Punktschweissverbindungen 
\ report from the Institute for Materials Research of the German Aircraft 
Experimental Laboratory. Translated by G. E. Claussen, Chief Metallurgist, 
Reid-Avery Co 


a b 
Fig. 1—Location of Welds and Points at Which Measurements 
Were Made 


(a) “Spot weld’ in a single thickness; (b) single spot weld; 
c) six spot welds. Dimensions in millimeters. 
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Fig. 2—Regions 1 and 2 in Calculating Thermal Stresses 
(Bereich = Region) 


welding time. Three specimens were prepared: (a) 
a “‘spot weld” through a single disk, (b) two disks joined 
by a single spot weld, (c) two disks joined by six spot 
welds in two rows, Fig. 1. The welds averaged 0.39 
in. diameter, the heat-affected zones averaged 0.47 in. 
diameter. Asa rule the first point for measurement was 
0.39 in. from the center of a weld, where plastic deforma- 
tion and changes in structure due to welding were not 
encountered. 

X-ray photographs were made with a Siemens Kris- 
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talloflex or a Miiller Mikro 60 X-ray apparatus with 
cobalt anode. Gold powder was used for calibration, 
and the ray was inclined 45°. Stresses in kg./mm.? 
were calculated from the. measured line distances in 
millimeters reduced to a gold diameter of 50 mm. by 
means of the constant 62.5. No correction was made for 
elastic 

According to E. Strauss,?? the following. equations 
give the elastic radial and tangential stresses created in 
a disk of constant thickness by a temperature distribu- 
tion that is constant across the thickness but variable 
with radius. 


altar Bal + S— (2) 
where £ = Young's modulus (a constant), a = coef- 


ficient of linear expansion and 7 = temperature as func- 
tion of r, the distance from the center of coordinates. 
S and C are constants of integration. The general 
solution of these integrals is impossible for spot welding 
because 7 is not a simple function of r. Besides heat 
transfer between disk and atmosphere, we must consider 
the transfer of heat through the water-cooled electrode 
and through the disk itself. However, a good approx- 
imation can be made in the following way. Each of the 
areas (Region 1, Fig. 2) through which the welding cur- 
rent flows suddenly expands due to rise in temperature 
(order of magnitude of welding time = 1 sec.) and creates 
stresses in the infinitely extended areas (Region 2, Fig. 


42,700 psi) 
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2). E, a and T may be considered constant in each in millimeters 
region. With these assumptions Equations 1 and 2 
integrate to Fig. 4—X-ray Measurements of Stresses in a Single Disk 
ai EaT S+ [ (3) Subjected to a Spot-Welding Cycle 
fas i 2 + r? @ = radial stresses; © = tangential stresses. 
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Fig. 5—X-ray Measurements of Shrinkage Stresses Near a Single Spot Weld. Axes and Plotted Points 
Have the Same Significance as in Fig. 4 


(a) upper side; (b) reverse side, see text. 
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Left diagram: radial stresses in kg./mm.? 
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Fig. 6—Shrinkage Stresses in the Vicinity of Welds in Two Disks Joined by Six Spot Welds 


Right diagram: tangential stresses in kg./mm.? 
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Fig. 7—Distribution of Shrinkage Stresses Along Sections CA and AB of the Specimen Containing Six 


Spot Welds 


The three lower plotted points in the right hand diagram are tangential stresses. @ = radial stresses; 
= tangential stresses. 
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Then for Region 1 


= o, = S;’ (6) 
and for Region 2 
Cy - 
Se + (7) 
ro (8) 


The following boundary conditions apply to determine 


the constants of integration S,’, and 


At the point r = r2 = infinity, o,, must be zero. 
At the point r = 7, ¢,, must equal g,,. 
At the point r = = &,. 


also 


From Equations 6 and 8 and calculation of the inte- 


gration constants, the formula for the stresses in Region 
2 becomes 


> n (9) 

Thus the radial and tangential stresses are of the same 
magnitude but opposite sign. They decrease with 
1/r? (reference 19). Using Esser and Eusterbrock’s 
values” for the coefficient of linear expansion of pure 
iron and Késter’s values”! for Young’s modulus, we se- 
cure the stress vs. temperature plot in Fig. 3, assuming r; 
= 5 mm. and 7, = 20° C. Due to uncertainty of E£, 
a and yield strength at elevated temperatures the results 
in Fig. 3 cannot be considered exact. 

The above calculations do not take into account 
plastic deformation during welding. According to E. 
Strauss,** the following qualitative behavior of the 
shrinkage stresses may be expected. Deformation 
occurred in Region 1 due to stresses above the yield value 
close to the weld. As a result Region 1 is subject to 
tensile stress after cooling. Equation 6 states that the 
radial and tangential components of this stress must be 
equal. 
creases to zero in accordance with 1/r*. The tangential 
stress has a negative sign and is compression. In the 
transition region there is a rapid change of the tangential 
stress from tensile to compressive. We are convinced 
that these calculations are correct because they show the 
decrease in stress with increase in r, and the equality 


of radial and tangential stresses although opposite in 
sign. 


= 


Experimental Results 


(a) “Spot Weld’ Through a Single Thickness.—The 
measured radial and tangential stresses*‘ are shown in 
Fig.4. They are in good agreement with the theoretical 
calculations. Within the limit of experimental error 
the tangential stresses are equal to the radial stresses 
but opposite in sign. The stresses vary with the recip- 
rocal of the square of the radius. Plastic deformation 


Beyond the weld the radial tensile stress de-. 


has occurred in the region within 10 mm. of the cente; 
of the weld. In this region the radial stress remain. 
about the same but the tangential component changes 
sign. 

(6) Single Spot Weld.—The stresses measured on the 
upper surface of the disk are shown in Fig. 5 (a) and are 
in good agreement with the theoretical calculations 
The lower disk was machined away except for the wel, 
and the stresses then were measured on the lower sic¢ 
of the same disk used for Fig. 5 (a). The results in Fig 
5 (6) show that it is improbable that the stresses ar 
triaxial. 

(c) Six Spot Welds.—Averages of two measurements 
are plotted in Figs. 6 and 7. The results are not un. 
expected. The stresses are a combination of effects 


due to each weld. The sequence of welding is the 
determining factor. 


Summary 


The stresses due to spot welding are discussed. The 
back-reflection X-ray method was used to determine 
radial and tangential shrinkage stresses in three speci- 
mens. Agreement between experimental results and 
theoretical calculations is relatively good. 
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A Study of the Properties of 0.5% 
Chromium-—0.5% Molybdenum 
Pipe Steel’ 


By R. C. Fitzgerald,t A. B. Wilder, G. V. Smith’ and A. E. White** 


Abstract 


Study of the mechanical properties, including creep, and of the 
welding and fabrication characteristics of steel containing 0.5% 
chromium and 0.5% molybdenum, designed for elevated tempera- 
ture service, has shown this grade to be essentially similar to 0.5% 
molybdenum steel without chromium. However, elevated tem- 
perature exposure tests have shown the steel, whether deoxidized 
with aluminum or not, to be resistant to graphitization in butt- 
welded pipe as well as bead weld tests lasting up to 15,000 hr. at 
1025° F. and 12,000 hr. at 1100° F. Scaling tests and hardness 
and notch-impact tests before and after air exposure at elevated 
temperature have indicated that only slight oxidation and little or 
no embrittlement may be anticipated during service of this grade 
of steel. 


Introduction and Summary 


INCE the occurrence, early in 1943, of severe local 
graphitization and failure of a welded joint of 
molybdenum steel in a high-pressure steam line at 

the Springdale Station of the West Penn Power Co., con- 
siderable effort has been expended by metallurgists and 
engineers in attempting, on one hand, to gain an insight 
into the fundamental factors involved in the reversion of 
carbide to graphite, and on the other, to develop alloys 
and manufacturing practices which will inhibit the for- 
mation of graphite during commercial usage. 

Of the several changes proposed to minimize or prevent 
graphitization, that involving the alloying addition of 
chromium has generally been considered to be the most 
efficacious means of accomplishing this end. The co- 
operative study reported here was undertaken to test this 
possibility. An arbitrary chromium addition of 0.59>— 
to the 0.5% molybdenum level commonly used for steam 
pipe—was selected. Since this investigation was started 
in July 1944, A.S.T.M. Specification A280-46aT, relating 
to Seamless Chromium-Molybdenum Alloy Steel Pipe 
for Service at High Temperatures, has been introduced. 
The chemical analysis of the steels studied lies within the 
scope of this specification. 

Two heats of commercial size, which cannot always be 
approximated by small experimental or laboratory heats 
were employed for the tests. These were rolled into 
10°/, in. O.D. x 1.125-in. wall seamless pipe. The two 
heats were nominally identical except for the deoxidation 
practice employed, one being made to coarse-grained, the 
other to fine-grained practice. The coarse-grained heat 
was deoxidized with silicon only, i.e., no aluminum, while 

* Presented at Annual Meeting # ie American Society of Mechanical 
Engineers, Atlantic City, Dec. 1-5, 

Tt Assistant to Superintendent of con Production Stations, Consolidated 
>as, Electric Light and Power Co. of Baltimore, Baltimore, Md. 


t Chief Metallurgist, National Tube Co., Pittsburgh, Pa. 
_ § Research Metallurgist, U. S. Steel Corp., Research Laboratory, Kearny, 


_ Professor, Department of Engineering Research, University of Michigan, 
Ann Arbor, Mich. 


the fine-grained heat was deoxidized with 1'/, lb. of 
aluminum per ton of steel in addition to a prior silicon 
addition. Study of the influence of deoxidation practice 
was dictated by the important roles which aluminum 
plays in the service of steel at elevated temperature. 
A large aluminum addition results in fine-grain size 
which, though beneficial to toughness and freedom from 
embrittlement, is generally considered detrimental to 
creep stength. In recent years, a large aluminum ad- 
dition has been clearly proved to contribute to suscep- 
tibility to graphitization. Yet the use of at least some 
aluminum is quite desirable from the purely mechanical 
aspects of steel processing to obtain desirable surface 
quality and thus economy of manufacture. Thus, in 
effect, a compromise must be effected in the aluminum 
addition to properly balance its good and bad effects. 

The two steels have been extensively studied in most 
all respects that are of interest in the contemplated use 
of the material, and the results are described in detail in 
the following sections prepared by the different cooper- 
ators. The statements in the individual sections do not 
necessarily represent the opinions of the remaining 
authors. The results may be briefly summarized as 
follows. : 

1. The mechanical properties of this material at or- 
dinary temperature, Table 1, are at a slightly higher level 
than in the plain molybdenum steel. 

2. Satisfactory flattening and etch tests of the pipe 
may be expected. 

3. Welding electrodes have been developed which will 
satisfactorily deposit 0.59 molybdenum weld metal con- 
taining either of two levels of chromium content—0.35 
and 0.5%—with properties similar to the base metal. 

4. Satisfactory procedures are available for welding 
this material under commercial conditions. These in- 
volve preheating at 500° F. as well as postheating at 
1300° F. 

5. Bending and upsetting tests indicate that this 
material may be fabricated as readily as other pipe 
material. 

6. ‘The results of residual stress measurement are pre- 
sented. 

7. The material possesses adequate scaling resistance 
for the contemplated service range of temperature, 
Table 3 

8. Hardness and notch-impact tests before and after 
exposure at elevated temperature indicate that no dele- 
terious embrittlement may be expected during the use of 
this material, Table 3 

9. Extensive studies have failed to show graphiti- 
zation in this material, however deoxidized, preheated 
or postheated, when exposed up to 15,000 hr. at 1025° F. 
or 12,000 hr. at 1100° F. 
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10. The creep strength of this grade of steel is com- 
parable to some of the low-chromium, low-molybdenum 
types of steel. 

11. In the as-rolled and stress-relieved condition, 
Heat X11647, to which was added 1.25 lb. of aluminum 


Heat X11648, no aluminum 


x 100 


Heat X11647, 11/, lb./ton aluminum 
Fig. 1—Austenitic Grain Size and Normality Revealed in Carburized Specimens. Nital Etch 
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per ton of steel, had the higher creep strength, while jy 
the normalized and _ stress-relieved condition, Heat 
X11648, to which no aluminum was added, had the 
higher creep stength. 


SOO 


‘ 


Heat No. Lb./Net Ton ¢ Mn P 8 Si Cr Mo Al A1203 
X11648 None 0.13 0.50 0.009 0.019 0.22 0.48 0.56 0.003 0.002 
X 11647 1'/, 0.12 0.45 0.012 0.019 0.14 0.45 0.54 0.027 0.008 
1200° F. 1950° F. 
As- Stress 1350° F. 1950° F. Furnace 1650° F 1450° F 
Rolled Relieved Anneal Air Cool Cool Air Cool Air Cool 
Heat No. X11648—No Aluminum 
Longitudinal 
Yield strength, 1000 psi. 40 47 41 51 30 35 36 
Tensile strength, 1000 psi. 71 68 63 79 61 69 69 
Elongation, “% in 2 in. 32 33 37 27 35 35 36 
Transverse 
Vield strength, 1000 psi. 56 53 48 72 38 52 51 
Tensile strength, 1000 psi. 75 71 66 88 61 73 72 
Elongation, % in 2 in. 25 27 32 21 34 27 32 
Brinell hardness , 143 124 124 163 112 131 131 
Heat No. X11647—1'/, Lb. Aluminum/Net Ton 
Longitudinal 
Vield strength, 1000 psi. 38 49 41 38 34 39 33 
Tensile strength, 1000 psi. 66 67 63 63 57 61 62 
Elongation, ©% in 2 in. 34 33 37 39 40 40 38 
Transverse 
Vield strength, 1000 psi. 53 50 45 42 38 43 44 
Tensile strength, 1000 psi. 70 67 62 65 58 63 64 
Elongation, © in 2 in. 28 29 34 30 37 36 35 
Brinell hardness 143 131 


Materials* 


The 10*/, in. O.D. x 1.125-in. wall seamless pipe used 
in this investigation was made from electric furnace steel 
to applicable parts of A.S.T.M. Specification A206-44T 
for plain 0.5% molybdenum steel pipe. All of the re- 
quirements in A.S.T.M. Specification A280-46aT, 
which had not been issued at the time the pipe was manu- 
factured, were also met with the exception of the carbu- 
rized austenitic grain size in the heat made to fine grain 
deoxidation practice. Recently, Specification A280 has 
been changed from 0.40/0.60% chromium to 0.50/0.70%% 
chromium. The chromium content of the steels investi- 
gated was 0.45/0.489% chromium. 

The 0.5% chromium-0.5% molybdenum steel used in 
this investigation is essentially similar to the plain 0.5% 
molybdenum steel from a specification point of view. 
The strength requirements of the chromium-bearing steel 
are identical with those of the plain 0.5% molybdenum 
steel, and in Specification A280, a carburized austenitic 
grain size of 1—5 is specified while in A206 a structural 
grain size of 3+) may be and generally has been specified. 


Chemical Analysis and Mechanical Properties 


The chemical and mechanical properties of the 0.5% 
chromium—0.5°%% molybdenum steels tested are shown in 
Table 1. Tests were conducted on as-rolled and heat- 
treated material removed from pipe wall. Heat treat- 
ments were made of full pipe sections; the specification 
procedures employed are included in Table 1. Standard 
0.505-in. round tensile test specimens were used. Photo- 
micrographs corresponding to the five conditions of heat 
treatment studied in graphitization tests are presented 


* Prepared by A. B. Wilder. 


Table 1—Chemical Analysis and Mechanical Properties of 0.5Cr-0.5Mo Steels 
Al Added, 


118 131 116 126 126 


in Figs. 2 and 3 for the two heats, and discussed in the 
corresponding section. 

Although no aluminum was added to the coarse grain 
heat, steel of this type is frequently made with aluminum 
additions in the ladle not exceeding 0.5 Ib. per net ton of 
steel. The use of aluminum in addition to silicon helps 
to insure a satisfactory etch test in the finished pipe. 
Although no aluminum was added to the coarse-grain 
heat studied, it contained a very slight amount of alumi- 
num, most probably being introduced in the ferro-alloy 
additions. The carbon and chromium contents of both 
heats were on the low side of the range. The silicon 
aluminum killed heat contained sufficient aluminum to 
insure a fine austenitic grain size after carburizing and a 
high coarsening temperature. 

Stress relieving at 1200° F. increased the longitudinal 
ai.d decreased the transverse yield strength of both types 
of steel compared with the as-rolled condition. The 
transverse yield strength of all the steels tested in different 
heat-treated conditions exceeded the longitudinal yield 
strength, particularly in the coarse-grain material. This 
condition may be associated with residual stresses in the 
pipe material. 

The 1950° F. air-cool treatment increased the yield 
and tensile strength of the coarse-grain steel, but did not 
appreciably affect the fine-grain steel. The 1950° F. 
furnace-cool treatment had, in general, the lowest me 
chanical properties of the material tested. The properties 
of 1650 and 1450° F. air-cooled materials were, in general, 
similar. Material annealed at 1350° F. had lower me 
chanical properties compared to similar material stress re 
lieved at 1200° F. 

The tensile requirements of specification A280 (for as 
rolled, stress-relieved material) are met by either of the 
two heats examined. The strength characteristics are on 


A.WS. . Yield Strength, Tensile Strength, Elongation in 

Type S Mn Pp Si Mo Cr 1000 Psi. 1000 Psi. 2In., % Red Area, “; 
E7010 0.08 0-39 0.017 0.21 0.67 0.27 66 80 27 60 
E7010 0.08 0.44 0.018 0.26 0.66, 0.55 73 87 25 61 
E7011 0.10 0.43 0.017 0.19 0.59 0.35 70 83 25 63 
E7011 0.12 0.43 0.017 0.16 0.56 0.50 72 84 24 65 
1948 CHROME-MOLY PIPING 459-< 


Table 2—Typical Chemical Analysis and Mechanical Properties of Weld Metal 
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a slightly higher level than for the plain 0.5% molybde- 
num steel, 


In addition to the chemical and mechanical properties 


shown in Table 1, satisfactory flattening and etch tests 
were obtained. 
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Grain Size and Normality 


Austenitic grain size determinations in the carburizeq 
region shown in Fig. 1 were made after carburizing 
samples of the stress-relieved pipe material for 8 hr. at 
1700° F. and slow cooling in the furnace. The steel wit) 


Fig. 2—Photomicrographs of Steel. Nital Etch: 
x 


(A) As-rolled, stress-relieved, 1200° F.; (B) 
cooled; (C) 1950° F., furnace-cooled; (D) 
cooled; (E£) 1450° F., air-cooled. 


1950° F., air. 
1650° F., a 
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no aluminum addition was coarse grained, A.S.T.M. 1 to 
and the hypereutectoid case was normal, i.e., con- 
The aluminum killed steel was 
fne grained, A.S.T.M. 6 to 8, and the metallographic 


oy 


tained no free ferrite. 


structure was slightly abnormal. The grain size charac- 
teristics of the pipe samples were similar to the results 


fig. 3—Photomicrographs of Coarse-Grained Steel. Nital 


Etch; 100 


(f) As-rolled, siress-relieved, 1200° F.; 
cooled; (J) 1950° F., furnace-cooled; 


(H) 1950° F., air- 
K) 
cooled; (L) 1450° F., air-cooled. 


1650° F., air- 
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obtained on 10'/.-in. diameter rounds from which the 
pipe was made. 

Plain 0.5% molydenum steel was originally made to 
fine-grain practice, but coarse-grain practice was later 
optionally specified. This change in steel making prac- 
tice was based on creep strength data, but the change in 
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practice also resulted in greater resistance to graphiti- 
zation altough this latter was not recognized at the time. 
The coarse- and fine-grain steels used in this investigation 
are therefore similar with reference to grain size charac- 
teristics, to the plain 0.59% molybdenum steel which is in 
power plant service today. 


Fabrication Tests* 
Electrode Acceptance Tests 


Up to the time of this testing program no cases of 
graphitization have been reported in weld metal. How- 
ever, due to the possibilities of graphitization appearing 
later, it was considered desirable to stabilize the weld 
metal as well as the pipe material by a suitable chromium 
addition. A number of electrode manufacturers were 
requested to develop electrodes which would deposit 
weld metal similar in analysis to the pipe materials. 
Such electrodes were submitted by three manufacturers.t 

Electrodes submitted were of two types—E7010 and 
E7011—and were supplied in two chromium ranges. 
The electrodes were tested comparatively for ease of 
handling, soundness of deposited metal and mechanical 
properties. Typical chemical analy$Ses and mechanical 
properties of the weld metal deposited with 300° F. pre- 
heat and a stress relieving of 1150° F. are shown in Table 
2. Standard 0.505-in. tensile specimens were used. 

In preliminary welding tests it was found that the 
Type E7011 electrodes were superior from the standpoint 
of ease of handling. Tensile fractures of these electrode 
deposits also showed fewer “‘fish-eyes’’ compared to Type 
E7010 electrodes, although there was little difference in 
mechanical properties. The Type E7011 electrodes were 
selected for all subsequent testing. For purposes of this 
testing program, it was necessary to select a single analy- 
sis for the deposited metal. All electrode tests had 
shown that the 0.35% chromium and the 0.5% chromium 
electrodes of the Type E7011 were equally good. The 
0.35% chromium electrode was arbitrarily chosen for the 


procedure qualification test, and all other tests involving 
welding. 


Welding Procedure 


The development of a procedure for welding the 
chromium-molybdenum pipe materials involved an appli- 
cation of the practices developed for welding low-alloy 
steels. Preliminary work was conducted to determine a 
suitable preheat temperature and, subsequent to the de- 
velopment and qualification of the procedure, residual 
stress measurements were made on full sized butt welds to 
confirm stress-relieving practices. 

Weld bead hardness test indicated a maximum hard- 
ness of 297 Brinell, with a base metal temperature of 70° 


* Prepared by R. C. Fiztgerald. 


t+ Arcos Corp., Philadelphia, Pa.; Arcrods Corp., Sparrows Point, Md.; 
Metal and Thermit Corp., New York, N. Y. 


F., and 210 Brinell hardness with 500° F. prehea; 
These values were determined by Rockwell A hariinec 
traverse in the coarse-grained steel. The maxim 
hardness occurred in the pipe material close to the fusion 
line. In similar tests with the fine-grained steel. the 
values were 245 Brinell and 200 Brinell, respectively 
On the basis of these tests, a minimum preheat teimper- 
ature of 500° F. was chosen. | 
The joint design and general welding procedure used jy 
this investigation were similar to those used in the installa 
tion of approximately 250,000 kw. of generating capac 
ity with plain molybdenum steéls. The minimum pre. 
heat and the stress-relieving temperatures were the prin. 
cipal points of difference. The welding groove is a modi. 
fied U-type groove machined so that the butting edges 
may be readily joined by a small oxyacetylene root weld 
which takes the place of the customary backing ring 
After the root bead weld is made, the remainder of the 
groove is filled by metallic arc welding in the conventional 
manner. The procedure specification is as follows 


Base Metal: 
A.S.T.M. Specification A280-46AT (with exception 
of carburized grain size in the fine-grained heat 
Filler Metal: 
1. Oxyacetylene Welding Rod—A.S.T.M. Speci 
fication A251-46T, Class GA-6Q, '/s in. diam 
eter. 


2. Welding Electrodes—A.S.T.M. Specification 
A233-45T, 1/s and 5/39 in. diameter. Type 
E7011. 
Position: 


Welding shall be done in the horizontal and vertical! 

fixed positions. 
Welding Technique: 

Oxyacetylene Weld—tThe first bead or oxyacetylene 
root bead shall be deposited in the backhand 
manner with a neutral flame. 

Metallic Arc Weld—lIn horizontal joints, beads o/ 
welding shall be deposited by weaving across the 
width of the welding groove. Vertical joints 
shall be welded by means of fillet-type welds 
deposited in layers in the welding groove. 

Preheating: 

The region of the joint shall be preheated to 500) 
F. minimum. This temperature shall be main 
tained until the welding is completed and stress 
relief treatment is applied. 

Stress Relieving: 

Stress relieving shall consist of heating the welded 
joint by 60-cycle induction heating to the stress 
relieving temperature of 1300° F. at a rate not to 
exceed 500° F. per hour. After the stress 
relieving temperature is reached it shall be main 

tained without interruption for a period of time 


Brinell Hardness 


1200° F.— Draw 


Ft.-Lb. in Weight, Exposed 
As Exposed 10,000 Hr. As Exposed 10,000 Hr. 10,000 Hr. 

Sample Al added, Heat Treatment Heat- 900° 1050° 1200° Heat- 900° 1050° 1200° 900° 1050° = 120 

No. Lb./Net Ton Prior to Exposure Treated F. F. F. Treated F. F. F. F. F. F 
12B 0 1650° F.—Normal 148 143 134 98 35.3 33.0 43.7 62.3 0.8 1.6 24.0) 
12DX l'/, 1650° F.—Normal 126 126 121 és 68.9 73.9 54.4 er 0.7 1.8 

12DY 1'/, 1650° F.—Anneal 118 112 112 98 62.9 58.0 51.0 98.0 1.0 1.8 22.9 
12DZ 1'/, 1650° F.—Water 

Quench 183 187 159 9 


Table 3—Effect of 10,000-Hr. Exposure at 900, 1050 and 1200° F. on Hardness, Notch-Impact Strength and Scaling of 1-In. 
Square Bars of 0.5Cr —- 0.5Mo Steel 


Metal Loss—Due to 
Sealing of 1-In 


Charpy Keyhole NotchImpact, Square Bars, “% Loss 


95 66.9 69.5 76.4 94.3 0. 
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equivalent to 2 hr. per inch of pipe wall. A 
heated band at least four times the maximum 
width of the welding groove shall be maintained 
at stress-relieving temperature during the soaking 
period. The cooling rate shall not exceed the 
heating rate. 


Bending and Upsetting Tests 


These tests were made-on full size pipe from both 
heats of steel.* The purpose of performing full size 
fabrication operations of this kind was to determine 
¢ the addition of chromium to the molybdenum steel 
would, in any way, increase the difficulties of the pipe 
jabricators or necessitate any modification of common 
practices. = 

One hot bend in pipe in each heat of steel was fabri- 
cated by practices employed with plain molybdenum 
pipe. The pipe sections were filled with sand, heated 
to 1700-1800° F. and pulled on a-bending table to a 
curve of radius of four pipe diameters or approximately 
40 in. As each section was bent true with a template it 
was quenched with a stream of water to hold its shape 
while the hotter sections were being pulled to shape. 
The quenching action was mitigated by the heat in the 
filling sand which quickly reheated the pipe to 1200- 
\400° F. After bending, the pipe showed no cracks or 
other defects. Ring sections cut out of the bends at 
points of drastic quench were tested for hardness. 
The maximum hardness observed was 215 Brinell (by 
conversion from Rockwell B). 

The coarse-grained pipe was heated to 1900° F. 
for upsetting. A Van Stone machine was used to upset 
the heated end an amount equivalent to 50% of the 
original wall thickness. The material showed no hot 
shortness, and the maximum hardness after this opera- 
tion was 163 Brinell (by conversion from Rockwell B). 

The bending and upsetting tests indicated that the 
0.5% chromium-—0.5% molybdenum materials may be 
fabricated as readily as other pipe materials. 


Residual Stress Measurements 


Residual stress measurements were made by the Weld- 
ing Laboratory of the U. S. Naval Engineering Experi- 
ment Station on four welded joints in the fine-grained 
steel. Eighteen-inch lengths of pipe were joined with 
butt welds in accordance with the procedure already de- 
scribed, except that two joints were stress relieved at 
1275° F. while the remaining two were stress relieved at 
the specified temperature of 1300° F. 

The residual stress determinations were made by the 
method of direct relaxation. This method of residual 
stress determination is based on the relaxation of ele- 
ments of the pipe by machining. Stress is calculated 
from observation of a strain produced by the relaxation 
operation. The results are as follows: 


1. Average circumferential stress at the periphery of 
the pipe—8700 psi. (tension). 
Average circumferential stress at the bore of the 
pipe (internal surface)—6050 psi. (compression). 
3. Distribution of this stress in the 3-ft. sections 
(weld at center) were: 
(a) Weld zone—negligible (1000 to 2000 psi.). 
(b) Un-heat-treated ends of 3-ft. sections— 
8150 psi. to 10,500 psi. 
To explain the high values of residual stress at the ends 


of the locally stress-relieved joints one joint was re-stress- 
relieved at 1275° F. and the residual stresses measured by 


2 


* The Pittsburgh Pipe and Equipment Co., Pittsburgh, Pa., made the bend- 


J tests. W. K. Mitchell and Co., Philadelphia, Pa., made the upsetting 
ests. 
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the relaxation method. The stress values in the region 
of the weld and stress relief band were negligible, while 
the stresses in the unheated pipe ends ranged up to 15,000 
psi. 


Exposure Tests* 


In the use of metals at elevated temperature, as in 
steam lines, several characteristics of the metal at the 
service temperature are of interest. The most important 
of these is, of course, the ability to support a stress which 
involves the measurement of creep strength; such de- 
terminations are reported in the next section. In addi- 
tion to suitable creep strength, however, the metal must 
possess adequate resistance to scaling or other corrosive 
attack, as well as resistance to the deterioration in 
strength or toughness resulting from what is generally 
termed structural instability. Accordingly this aspect of 
the suitability of 0.5% chromium -—0.5°% molybdenum 
steels has been examined by means of measurement of the 
loss in metal weight resulting from scaling, as well as of 
the change in hardness and notch impact strength at at- 
mospheric temperature, after exposure at elevated tem- 
peratures. In addition quite extensive studies were 
made to determine the susceptibility of the steels to 
graphitization. These results were obtained by experi- 
ments conducted by the National Tube Co., the Consoli- 
dated Gas Electric Light and Power Co. of Baltimore, 
and the Research Laboratory, United States Steel Corp. 


Hardness, Notch Impact Strength and Scaling 


Brinell hardness determinations (by conversion from 
Rockwell B) are reported in Table 3 for the two heats of 
steel in the heat-treated condition. These measurements 
were made on 1-in. square bars before and after exposure 
at 900, 1050 and 1200° F. The aluminum deoxidized 
steel was studied in the normalized, annealed, and 
quenched and tempered conditions to determine the ef- 
fect of exposure on widely different microstructures. 
Exposure at 900 and 1050° F. had little effect on the 
hardness, but exposure at 1200° F. resulted in a marked 
decrease in this property. 

The results of the standard Charpy keyhole notch im- 
pact tests are also listed in Table 3. These tests were 
made on different portions of the same bars used for the 
hardness tests. A marked increase in notch impact 
strength occured on exposure for 10,000 hr. at 1200° F., 
whereas the changes at the lower temperatures were of 
much less magnitude and in either direction depending 
upon the temperature, deoxidation practice and initial 
heat treatment. The notch impact strength of the silicon 
deoxidized steel was notably inferior to that deoxidized 
with both silicon and aluminum. These data indicate 
that no harmful embrittlement is to be expected during 
the service of these materials. 

The metal loss from scaling in air was also determined 
on the 1-in. square by 20-in. long bars after 10,000 hr. ex- 
posure. The results are reported in Table 3 in terms of 
per cent loss in metal weight, determined after removal of 
the scale by the sodium hydride technique. The num- 
bers given apply only to the shape tested, but may be 
employed for other shapes by conversion to weight loss 
per unit surface area. Oxidation was slight at 900 and 
1050° F., but considerable at 1200° F. The results were 
not influenced by differences in initial heat treatment. 
In the range of temperature for which this steel has been 
recommended—950° F. maximum—entirely adequate 
scaling resistance is indicated by the restilts. Although 
no comparative data are at present available for other 


* Prepared by G. V. Smith. 
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materials, it may be expected that these steels are slightly 
superior in this regard to plain molybdenum steel, but 


inferior to the steels containing higher chromium (or/and 
silicon). 


Graphitization Susceptibility 


The microstructural stability at elevated temperature, 
with particular reference to the resistance to graphitiza- 
tion of the two heats of chromium-molybdenum steel, 


was studied quite extensively by metallographic tech- 
niques in several series of tests. 


Sections from Full-Size Welded Joints 


In the most extensive series of tests, lengths of 10*/, in. 
O.D. x 1.125-in. wall pipe were welded together and 
sections from these joints exposed for extended periods 
at 1025° F., then examined with the microscope. Five 
different initial conditions of the pipe of each heat were 
employed. These are listed below: 


464-s 


Initial Conditions of Pipe Sections Prior to Welding 


Heat X11647, 1'/, Lb. Heat X11648, . 
of Al No Al Treatment 
A F As-rolled, stress relieved 
at 1200° F. 
B H 1950° F., air-cooled 
C. J 1950° F., furnace-cooled 
D K 1650° F., a'r-cooled 
E L 1450° F., air-cooled 


Photomicrographs of each of these conditions are 
shown in Figs. 2 and 3 for the fine- and coarse-grained 
steels, respectively. There is little or no difference be- 
tween the two heats for the as-rolled and stress-relieved 
and the 1450° F. air-cooled conditions. In the photo- 
micrographs representing this latter treatment, the par- 
tial transformation of the as-rolled structure to austenite 
is apparent. Complete transformation to austenite 
occurred in the 1650 and 1950° F. treatments and the 
difference in deoxidation practice may be observed in the 
size of the ferrite-pearlite or ferrite-widmanstatten re- 
gions resulting from subsequent retransformation, par- 
ticularly for the 1950° F. treatments. The difference in 
rate of cooling from 1950° F. has produced a striking 
difference in microstructure for the coarse-grained steel, 
the faster cooling-rate resulting in widmanstatten, the 
slower in pearlitic, carbide regions. In the fine-grained 
steel the two cooling rates from 1950° F. resulted in 
similar microstructure except for banding in the furnace- 
cooled sample. 

Five full-size joints were made, corresponding to the 
five initial conditions, in each case a 2-ft. section of the 


Fig. 4 (A)—Cross Section Through Welded Joint. 
Etch; x 1 
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Fig. 4 (B)—Cross Section Through Single-Bead Weld-Test 
Specimen. Picral-Nital Etch; xX 1 


fine-grained steel pipe being welded to a similar length 
of the coarse-grained steel pipe of the same initial heat 
treatment. The welds were made by personnel experi 
enced in welding steam pipe. The specific conditions oj 
welding are described in an earlier section on. welding 
procedure under the general section Fabrication Tests 
Figure 4 (A) shows a polished and etched cross section oi 
one of the welded joints. 

Subsequent to welding, three sections approximately 
3x 3x 1'/s in. were taken from each of the five joints to 
include the weld and a portion of the base metal on 
either side, as in Fig. 4 (A). One from each joint was 
stress-relieved at 1300° F. for 4 hr., another was stress 
relieved at 1200° F. for 2'/, hr. (this corresponds to com 
mercial practice for plain molybdenum steel), and the 
third was not subjected to any postweld stress-relieving 
treatment. 

All 15 samples were then introduced into muffle-type 
furnaces at 1025° F. for extended exposure. At periods 
intervals, the samples were removed from the furnaces, 
a section removed for microscopic examination, and the 
remainder reheated to 1025° F. for further exposure. Ex 
posure was continued to a total of 12,000 hr. (1.4 years 
for all the samples, while those initially air-cooled from 


Table 4—Creep Strengths at 950 and 1000° F. for 0.50Cr - 0.50Mo Steel 


Aluminum 


Stress for a 


; Test Creep Rate of 

Heat Added, Brinell Temp., 0.01%/1000Hr., Testing 

No. Lb./Ton Sample Treatment Hardness ° F. Psi. Laboratory 
X11647 1.25 Ist As-rolled pipe stress-relieved at 1200° F. 131 950 25,500 Univ. of Mich 
X11648 None Ist As-rolled pipe stress-relieved at 1200° F. 124 95 13,500 Univ. of Mich 
X11648 None 2nd As-rolled pipe stress-relieved at 1200° F. ae 950 18,000 Univ. of Mich. 
X11648 None 2nd As-rolled pipe stress-relieved at 1200° F. © AP 950 18,000 U. S. Steel | 
X11647 1.25 Ist Bars cut from pipe, then normalized 1 hr. at 121 950 10,500 Univ. of Mich 
1650° F. and stress-relieved 1 hr. at 1200° F. ; - 
X11648 None Ist Bars cut from pipe, then normalized 1 hr. at 156 950 20,000 Univ. of Mich. 

1650° F. and stress-relieved 1 hr. at 1200° F. ¥ 

X11647 1.25 Ist As-rolled pipe stress-relieved at 1200° F. 131 1000 20,000 Univ. of Mich. 
X11647 1.25 ° lst As-rolled pipe stress-relieved at 1200° F. 131 1000 20,000 Crane Co. 
X11648 None 1st As-rolled pipe stress-relieved at 1200° F. 124 1000 15,000 Univ. of Mich 
X11648 None 2nd __=sCAs-rolled pipe stress-relieved at 1200° F. ee 1000 15,000 Univ. of Mich 
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1950 or 1450° F. were exposed for 15,000 hr. (1.7 years). 

In addition to the samples just described another set of 
two sections was taken from each of the five joints for 
exposure at 1100° F. One of these was stress-relieved 
91/, hr. at 1200° F., the other 4 hr. at 1400° F. prior to 
exposure. The total exposure of these samples was 12,000 
hr. at 1100° F. 

None of the samples whether of coarse- or fine-grained 
deoxidation practice and regardless of the pre- or postheat 
treatment or of the exposure temperature showed any 
graphite during the exposure, in any portion of the sam- 
nle—weld metal, heat-affected region or unaffected base- 
metal. The photomicrographs of Fig. 5 illustrate, before 


Before exposure; 100 


and after exposure of 15,000 hr., the microstructure at 
low and high magnification in the region of the heat- 
affected zone in which localized (segregated) graphite is 
encountered when it occurs, and clearly show the ab- 
sence of graphite. Some spheroidization may be de- 
tected as well as the occurrence of a fine precipitate char- 
acteristic of plain molybdenum and low chromium- 
molybdenum steels. The photomicrographs of Fig. 5 are 
for the steel of fine-grained deoxidation practice, initially 
air-cooled from 1650° F., and not posttreated after weld- 
ing, but except for differences attributable to initial or 
postheat treatment (i.e., in size of ferrite-carbide patches, 
etc.), they are characteristic of all samples. ) , 


After exposure; X 100 


Before exposure; X 1000 


After exposure; X 1000 


Fig. 5—Structure in Weld Heat-Affected Zone Before and After 15,000 Hr. Exposure at 1025° F. of Fine- 
Grained Steel Initially Air-Cooled from 1650° F. and Not Post-Treated After Welding. Nital-Picral Etch 
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Control specimens of plain molybdenum steel of fine- 
grained deoxidation practice field normalized after weld- 
ing were included in one of the two 1025° F. furnaces and 
in the 1100° F. furnace. In both instances considerable 
— graphitization occurred on exposure for 12,000 


Steam Line Exposure 


In addition to the sections from full-size welded joints 
described above, a similar joint was made between a sec- 
tion of the fine-grained and one of the coarse-grained 
heat, each in the as-rolled and stress-relieved condition, 
and this jomt welded into a regular steam line operating 
at 900° F. and 1250 psi. steam temperature and pressure. 
This joint has now been in service for 10,000 hr., but in 
view of the results of the longer time exposure at 1025° F. 
has not yet been examined. It is planned to continue this 
joint in service indefinitely and to make periodic exami- 
nation for graphite. 


Single-Bead Weld Tests 


Since it has often been observed that the severity of 
localized or segregated graphite is inversely proportional 
to the width of the weld heat-affected region, and in fact 
that graphite may sometimes occur in a narrow heat-af- 
fected region and not at all in a wide heat-affected zone, 
single-bead welds with a rather narrow heat-affected 
region were made on sections of pipe approximately 4 x 
3 x 1'/s in. of both the fine-grained and coarse-grained 
chromium-molybdenum steel in the same five initial con- 
ditions described earlier. On the opposite faces of each 
section a weld bead with a somewhat wider heat-affected 
region was laid down. Figure 4 (B) shows the appearance 
of a transverse section through one of the specimens. 


tests are summarized below: 


The specific weld conditions employed in this series o 


Test Conditions for Single-Bead Weld Tests 


Preheat—none 
Postheat—none 
Electrode—Type E7020 
Weld type—bead weld deposited in flat position 


Narrow Bead 


Current, amp. 200 
Arc, v. 28 
Speed, in./min. 9 
Heat input, B.t.u./in. 35 


Wide Bead 
. 285 

30 

3 

162 


These specimens were exposed for a total of 10,000 hr. 
with microscopic examination at intervals of 2000, 500 
In no case did graphite form. The mi- 
crostructures observed before and after exposure are simi. 


and 10,000 hr. 


lar to those shown in Fig. 5. 


Unwelded Bars 


The bars of coarse- and fine-grained steels exposed for 
10,000 hr. at 900, 1050 and 1200° F. for the hardness, 
notch-impact and scaling determinations summarized in 
Table 3 were also examined for graphite. None was ob- 


served. 


Creep Strength of 0.50Cr-—0.50Mo Steel * 


Creep tests were made at 950 and 1000° F. on samples 


* Prepared by A. E. 
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Fig. 6—Stress-Creep Rate Characteristics of 0.50% Cr —0.50% Mo Steel. 
Aluminum Added 


Symbol Sample Treatment 
re) Ist As-rolled pipe, stress-relieved at 1200° F. 
© Ist As-rolled pipe, stress-relieved at 1200° F. 
x 3rd 
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Bars cut from pipe. Normalized 1 hr. at 1650° F. and 
stress-relieved 1 hr. at 1200° F. 


0. 


Heat X11647, 1.25 Lb./Ton of 


Testing Laboratory 
Univ. of Michigan 


Crane Co. 
Univ. of Michigan 
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cut from the as-rolled and stress-relieved pipe from both 
heats. Normalized and drawn samples were also tested 
at 950° F. The tests were of approximately 1000 hr. 
duration and were selected to establish the stress for a 
creep rate of 0.01% per 1000 hr. or 1% per 100,000 hr. 

In view of the unexpected results from the tests on 
the as-rolled samples, verifying tests were conducted at 
two other laboratories. The major portion of the testing 
was concentrated on samples cut from as-rolled and 
stress-relieved pipe because that is the condition in which 
it is most widely used. Most of the tests were made at 
950° F. as that was, in general, the upper operating tem- 
perature for which this particular composition was in- 
tended. 


Material Tested 


The material tested was classified as Ist, 2nd and 3rd 
samples, as follows: 
1. Test bars cut from the as-rolled and stress-relieved 


pipes from Heats X11647 and X11648 described by Mr. 


Wilder in the first section of the paper. (Designated as 
“Ist’’ samples.) 

2. Similar test bars cut at random from another sec- 
tion of the as-rolled and stress-relieved pipe from Heat 
X11648 and submitted at a later date. (Designated as 
“Ind” samples.) 

3. Bars from the lst samples normalized at 1650° F. 
for | hr. and air cooled and then stress relieved at 1200° 
F. for 1 hr. These heat treatments were carried out in 
small laboratory furnaces. 

The as-rolled and stress-relieved samples were tested 
at both 950 and 1000° F. The normalized and stress-re- 
lieved samples were tested only at 950° F. A duplicate 


test on as-rolled and stress-relieved sample from Heat 
X11647 was conducted at 1000° F. by Crane Co. Dupli- 
cate tests on the second lot of samples from Heat X11648 
were made at 950° F. at both the U. S. Steel Research 
Laboratory and the University of Michigan. An addi- 
tional test was conducted on this material at 1000° F. 
by the University. All creep tests were of approximately 
1000 hr. duration. 

The effect of creep testing on the properties of the steel 
was checked by means of tensile, impact and hardness 
tests, and by metallographic examination of the speci- 
mens after completion of the creep tests. 


Results 


The results from the creep tests are shown by logarith- 
mic curves of stress versus creep rate in Figs. 6 and 7. 
The creep strengths shown by these curves are summar- 
ized in Table 4. The significant results from these tests 
were: 

1. Both heats of the 0.50 Cr—0.50 Mo Steel had ex- 
cellent creep strength. The stress for a rate of 0.01% per 
1000 hr. (1% per 100,000 hr.) at 950° F. ranged from 
10,500 to 25,500 psi. The as-rolled and stress-relieved 
samples gave strengths of 15,000 and 20,000 psi. at 1000° 
F. 


2. In the as-rolled and stress-relieved condition, the 
heat to which aluminum was added (Heat X11647) had 
the higher creep strength at both 950 and 1000” F. 

3. In the normalized and drawn condition, the silicon 
deoxidized heat (Heat X11648) had the higher creep 
strength. 

4. The agreement between duplicate tests at different 
laboratories leads one to believe that testing techniques 
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Fig. 7—-Stress-Creep Rate Characteristics of 0.509%, Cr -—0.50°% Mo Steel. 


Added 
Symbol Sample Treatment Testing Laboratory 
re) Ist As-rolled pipe, stress-relieved at 1200° F. Univ. of Michigan 
A 2nd As-rolled pipe, stress-relieved at 1200° F. Univ. of Michigan 
A 2nd As-rolled pipe, stress-relieved at 1200° F. U. S. Steel Research Lab. 
x 3rd Bars cut from pipe. Normalized 1 hr. at 1650° F. and Univ. of Michigan 


stress-relieved 1 hr. at 1200° F. 
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Table 5—Comparative Tensile Properties at Room Tempera 


Creep-Testing 
Conditions 


ture for 0.50 Cr —- 0.50 Mo Steels Before and After Creep Testi, 


Offset Propor- Elonga-  Redy 

Time of Tensile Yield Stress, tional tion tion 

Temp., Stress, Test, Strength, ———Psi.— Limit, in2In., of Ar 

Material Treatment Hr. Psi. 0.1% 0.2% Psi. 

Heat No. X11647; As-rolled pipe stress re- Original 66,200 43,500 45,500 25,000 32 63 | 
1.25 lb. per ton lieved at 1200° F. 950 15,000 1025 68,000 43,500 46,800 27,500 30 68 
of aluminum 950 25,000 1025 67,500 45,800 47,300 30,000 32.5 68 : 
added 1000 20,000 1295 67,200 44,700 47,000 30,000 32.5 67 

Bars cut from pipe then Original 65,125 43,500 45,000 25,000 37 78.5 
normalized 1 hr. at 950 11,500 1107 63,000 42,000 43,500 25,000 36.5 78.5 
1650° F. and stress re- 950 15,000 1105 63,750 42,800 44,800 28,500 38 78 : 
lieved 1 hr. at 1200° F. . 

Heat No. X11648; As-rolled pipe stress re- Original 66,800 43,000 43,800 27,500 33 66.3 
no aluminum lieved at 1200° F. 950 15,000 1025 67,750 40,000 43,000 27,500 35 69.7 
added 950 20,000 1005 67,700 44,500 46,500 27,500 34.5 68 5 

1000 14,000 1295 70,000 42,800 45,700 22,500 32 66 | 
1000 ~=—:17,500 1105 69,200 43,500 46,500 22,500 31 65.: 

Bars cut from pipe then Original 72,500 52,500 54,000 47,500 30 70.0) 
normalized 1 hr. at 950 20,000 1007 75,000 53,000 55,000 37,000 32.5 69 
1650° F. and stress re- 


lieved 1 hr. at 1200° F. 


were not responsible for the unusua] creep characteristics 
observed. 

5. Creep testing at 950 and 1000° F. had no appreci- 
able effect on the physical properties of 0.50Cr—0.50Mo 
steel at room temperature, as is shown by the data in 
Table 5 and 6. Microscopic examination did not show 
any detectable structural alteration as a result of creep 
testing. 

6. The tests show that these steels appear to have 
creep strengths comparable to some of the low-chro- 
mium, low-molybdenum types of steel. 


Discussion of Creep Properties 


The creep strengths observed for the 0.50Cr—0.50Mo 
steels in this investigation indicate that they have good 
high temperature properties. Like all steels, however, 
they may have a wide range in creep strengths, depending 
on the steel making practice, the conditions of fabrica- 
tion, heat treatment and other possible factors. The 
work reported by no means covers all of the possible vari- 
ables. 

The results of the tests on the normalized and drawn 
samples were in the usually accepted order. That is, the 
steel to which no aluminum was added had a higher creep 
strength than the steel with the aluminum addition. 

In the tests at 950° F. on the pipe steel in the as-rolled 
and stress-relieved condition, the steel with the aluminum 
addition had a higher creep strength than the steel to 
which no aluminum was added. The creep strength of 
the steel with no aluminum addition appeared to be lower 


than would normally be expected. However, since the 

three tests that were run to obtain the stress for a cree; 
rate of 1% per 100,000 hr. all fell on the same straigh 
line, the test procedure is assumed to be accurate. 

This feeling is confirmed by the close’agreement result 
ing from check tests with the U. S. Steel Corp., though ix 
this case higher stress values resulted, and with Cran 
Co., though in this latter case the test was made at 
1000° F. 

Whether the value should be 13,500 or 18,000 psi., or 
some other value, is left to the reader’s judgment. 

Again, it is interesting to note that at 1000° F. in the 
as-rolled and stress-relieved condition the steel with the 
aluminum addition had a higher creep strength than the 
steel to which no aluminum was added. 

Attention is also called to the similarity in creep 
strength at 950 and 1000° F. for the first lot of as-rolled 
and stress-relieved samples from Heat X11648 (no alu- 
minum added). What is surprising is that the test at 
1000° F. showed a higher creep strength than the test at 
950° F. The check tests showed results which are believed 
to be in the normal order, i.e., the creep strength at 
950° F. is higher than the creep strength at 1000° F. 
Had the first set of tests at 950° F. been run for a longer 
time period than 1000 hr., the results might have been 
different, though all of these tests were run for 1000 hr 
as that is the normally accepted time period to determine 
the creep rate for a given stress. 

A further interesting matter is the widely differing 
creep strengths from the two heats, with apparently iden- 


Table 6—Comparative Impact and Hardness Properties at Room Temperature for 0.50 Cr-—0.50 Mo Steels Before and After 
Creep Testing 


—Creep Test Conditions— 


Time of Modified Izod Impact 


Temp., Stress, Test, Strength, Vickers Hardness 
Material Treatment eh Psi. Hr. Ft.-Lb.* No. 

Heat No. X11647; As-rolled pipe stress-relieved at 1200° F Original 86 156 
1.25 lb. per ton 950 32,500 1005 86,91 162 
of aluminum 1000 = 25,000 1012 93, 92 159 
added Bars cut from pipe then normalized 1 hr. at Original 82,91 136 

1650° F. and stress-relieved 1 hr. at 1200° 950 20,000 1005 90, 95 136 
F. 

Heat No. X11648; As-rolled pipe stress-relieved at 1200° F. Original 20 147 
No aluminum 950 25,000 1005 13, 10 155 
added 1000 =22,500 1205 14, 20 156 

Bars cut from pipe then normalized 1 hr. at Original 56, 61 162 
1650° F. and stress-relieved 1 hr. at 1200° 950 30,000 1105 60, 78 165 
F. 


* 0.365-in. square specimens with 0.050-in. deep V-notch. 
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tical microstructures as shown in Figs. 2 (A) and 3 (F) 
when in the as-rolled and stress-relieved condition. The 
explanation must be that there are other factors than 
crain size and carbide structure contributing to creep 
strength. 

It is important to note, however, that both heats had 
very good creep strengths, even though the results did 
not follow the expected trends when the tests were made 
on samples in the as-rolled and stress-relieved condition. 


Conclustons 


The 0.50Cr—0.50Mo steels were found to have ex- 
cellent creep stfengths at 950 and 1000° F. No evidence 


Discussion of Papers on 
Brittle Fracture of Mild 
Steel Plates 


By A. J. K. Honeyman* 


HAVE read with considerable interest the series of 

papers dealing with brittle fracture of mild steel 

plates, presented at the Annual Meeting of the 
AMERICAN WELDING Society and published in the 
February and April 1948 issues of THE WELDING JourR- 
NAL. 

Table 8 of the paper by Klier, Wagner and Gensamerf 
shows that the transition temperature as estimated by the 
Charpy V notch test, places steels E, C, A, B, D and H 
in the same order of merit as does the 72-in. wide test, 
but the Charpy V test is condemned chiefly because it 
does not distinguish sufficiently between Steels A and 
C. This discrepancy is explained by the high nitrogen 
content of steel C which increases its strain aging char- 
acteristics so that with the slow rate of straining in notch 
tensile and notch bend tests, strain aging occurs during 
the course of the test, thus raising the transition tem- 
perature. However, since any steel with a high nitrogen 
content is very prone to brittle fracture this alone should 
be sufficient to condemn steel C. 

The authors have accepted the 72-in. wide test as the 
standard, on the assumption, presumably, that it most 
closely relates to service conditions. I do not think this 
assumption is justified. Table 1 shows the analyses and 
some test data for steels A, Br and H. It is now well 
recognized that steels with a high manganese/carbon 
ratio, particularly when fine grained, are much superior 
to semikilled steels with low manganese/carbon ratios. 
The Charpy impact test and the Schnadt bend test bring 
this out, but the 72-in. wide test does not show any great 
difference between the three steels. 

The low transition temperature obtained in the 
Schnadt bend test for steels Br and H is thus explained 
largely by superior steel quality and only in part as sug- 
gested by the authors. The energy to initiate fracture 


_ *Colvilles Ltd., 
Scotland. 

Tt Article published in February, 1948 Research Supplement, The Welding 
Journal, p. 71-s 


Research Department, Technical Offices, Motherwell, 


of detrimental changes in physical properties or struc- 
tural alteration was observed during creep testing. 

In the as-rolled -and stress-relieved condition, Heat 
X11647, to which 1.25 lb. per ton of aluminum were 
added during deoxidation, had the higher creep strength. 

When normalized and stress relieved, Heat X 11648, to 
which no aluminum was added, had the higher creep 
strength. 
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Table | 


C% % Al, % Mn/C Ratio 
A 0.26 0.50 0.03 0.012 1.9 
Br 0.18 0.73 0.07 0.015 4.0 
H 0.18 0.76 0.16 0.053 4.2 
—Transition Temperature Energy to Initiate Fracture 
72In. Wide Charpy Schnadt Tear Test, Ft.-Lb.* 
A 35 90 40 700 
Br 32 10 —17 1100 
H 20 1100 


* Kahn and Imbembo. 


in the tear test shows clearly the great superiority of 
steels Br and H. 

However, all laboratory tests are arbitrary and cannot 
be expected to duplicate actual service conditions which 
themselves vary widely according to circumstances. 
All that any selected laboratory test can do is to com- 
pare the behavior of various steels under standard condi- 
tions, and such a comparison can be considered qualita- 
tive only. On this basis it appears that a very large 
number of laboratory tests, including the Charpy V 
notch impact test, are satisfactory since they place the 
various types of steels in the same order of merit. 

The paper by Kahn and Imbembo{ places emphasis on 
the energy required to propagate fracture and correctly 
relates this to the degree of cleavage. But on this basis, 
not one of the steels is satisfactory at 0° C. In other 
words, even the best quality of ship plate will fail with 
cleavage fracture at 0° C. once a crack has started. So 
far as we are aware, there has been no recorded example 
of a ship plate fracturing in service in a tough manner 
except where a collision has caused extensive deforma- 
tion before cracking commenced. The practical problem, 
therefore, is to avoid initiation of a crack and this is 
largely a matter of design and workmanship. So far as 
the material is concerned, what is required is a high re- 
sistance to crack initiation. Kahn and Imbembo’'s re- 
sults show that at all temperatures, Steels B and H are 
much superior in this respect to Steels A, C and E. 

There is no fundamental difference between crack 
initiation and crack propagation. The transition range 
determined by Kahn and Imbembo is that of the material 
with a notch of the dimensions of a crack. At a lower 
temperature, a transition range would be found for the 
same material with a notch of the original dimensions. 
This transition range is approached for steel E with the 
jeweller’s saw-cut notch, as shown in Fig. 16. 


t Published in 
JOURNAL p. 169-s 


April, 1948 Research Supplement, THe 
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Arc Phenomena with Electrodes 


The arc system consists of a fixed electrode 
(cathode) in the form of a vertical rod and a 
moving electrode (anode) in the form of a l- 
x 0.35-in. steel tape. Studies of arc phenomena 
have been made by moving the anode tape at 
speeds in the range of 20 to, 400 ft./min. In 
ordinary welding arcs the existence of a cath- 
ode spot has long been recognized, but little is 
known about the anode. With the moving 
anode system the formation of discrete anode 
spots has been observed. Each spot formation 
is accompanied by a jet of ionized vapor ejected 
at right angles to the surface and accompanied 
by metal particles and droplets traveling at high 
velocities. Once an anode jet is started, it re- 
mains fixed at the starting location and produces 
an anode spot. The arc does not move continu- 
ously along the surface but travels in a series of 
jumps producing an anode spot every time the 
jump occurs. The anode spots are small in 
area, indicating current densities in excess of 
50,000 amp. sq. in. 


Introduction 


T THE request of the United States Navy, Bureau 
A of Ships, the School of Engineering of The Johns 

Hopkins University undertook a study of the 
fundamental characteristics of the electric welding arc. 
One phase of this investigation is reported here; namely, 
the phenomena that take place when. an electric arc is 
formed between two electrodes, one of which is station- 
ary and the other moving at a speed higher than that 
used in normal welding.'~> A stable arc can be main- 
tained under these conditions and the large amount of 
energy developed by the are subdivided into relatively 
small packages. If the relative speed is sufficiently high, 
the usual large molten pool of metal which obliterates 
many of the details of the arc’s action is not formed. In- 
stead the moving electrode records the action of the arc 
as it travels over its surface. 

In the experiments reported here, the electrode which 
formed the cathode was held stationary and the work 
or anode was moved. Two materials were used as 
cathodes: carbon and steel. The anode was a steel tape. 
A direct current welding arc was struck between the fixed 
electrode and the moving tape. When the experiment 
was ended the tape carried a permanent record of the ac- 


* Scheduled for Twenty-Ninth Annual Meeting, A.W.S., Philadelphia, Pa., 
week of Oct. 24, 1948. 


+ Dean and Professor of Electrical Engineering, The Johns Hopkins Uni- 
versity, Baltimore, Md. 

+ Assistant Professor of Electrical Engineering, The Johns Hopkins Uni- 
versity. 

§ One of the authors of this paper first noticed these anode spots while 
working with Paul Scharf of the sser Industries. 
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Moving at High Speed’ 


Fig. 1—Electrode Arrangement, Carbon Rod Cathode and 
Steel Tape Anode 


tion of the are. It was found that the are did not move 
continuously along the surface of the tape, but rather 
in a series of jumps which left distinct markings known 
as ‘‘anode spots.’’§ The characteristics of these anode 
spots were studied by high-speed movies and other means. 
Their behavior yields information regarding certain 
basic arc phenomena which are applicable to welding 


Experimental Setup 


Figure 1 shows a photograph of the electrode arrange- 
ment. The moving electrode system consisted of a 6-ft. 
section of steel pipe mounted in a lathe. This pipe was 
turned to a uniform diameter of 7.3 in., and a steel tape, 
1 in. in width and 0.035 in. in thickness, was wound spi- 
rally around the smooth surface of the pipe. The elec- 
trode which formed the cathode was mounted in the tool 
holder of the lathe. A special fixture was provided 
which made it possible to hold the electrode in either a 
horizontal position or vertically above the axis of the 
pipe. The feed of the lathe was set so that the carriage 
traveled at the rate of 1 in. per revolution. This made it 
possible to maintain the electrode at the center of the 
tape at all times. When a run was completed, the used 
tape with its record was removed from the pipe and a 
fresh one substituted. 


Formation of Anode Spots 


The behavior of an arc system employing a rapidly 
moving electrode is dependent to a great extent on thie 
materials composing the electrodes and their relative 
polarities. Studies of two combinations are reported 
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here: (1), a '/,-in. diam. carbon rod as cathode and a 
steel tape as anode, and (2), a '/,-in. bare mild steel rod 
as cathode and a steel tape as anode. Of these two ar- 
rangerents the carbon-steel setup provided the greater 
flexibility as regards the speed and current range over 
which a stable arc could be maintained. No difficulty 
was experienced in holding the arc with anode tape speeds 
as high as 360 ft./min. with the carbon-steel setup. A 
stable arc with the steel-steel arrangement, however, 
could be maintained only at lower speeds. 

However, for both arrangements the arc traveled along 
the tape in a series of jumps, forming a discrete spot on 
the tape at each successive jump. The path left on the 
tape appeared as a line of spots or pips as illustrated in 
Fig. 2. The markings on the anode have been named 
anode spots. 

It is well known that a cathode spot exists in an elec- 
tric are and forms the source of current from the cath- 
ode.© The presence of an anode spot, however, has not 
been so well recognized. The current is usualiy thought 
of as entering the anode over a large diffuse area rather 
than concentrating in a small spot. The experimental 
technique employed here lends itself to the observation 
and study of the anode spots as described below. 

For the carbon-steel setup the spots are uniform in both 
spacing and size for any given current and speed as 
shown by Fig. 2. As current and speed are varied the 


spacing and size of spots change somewhat as reported 


(b) 
Fig. 2—Anode Spots on Steel Tape Carbon Cathode. Electrode 
Separation, In. 
(a) Current-100 Amp. 
(b) Current-60 Amp. 
fim 88 
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Fig. 5—Oscillogram of Arc Current and Voltage with Welding Generator Power Supply 
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in the section below on “Characteristics of Anode 
Spots.’’ A magnified photograph of an individual spot is 
shown in Fig. 3. At 100 amp. and 115 ft./min., each 
spot is about '/25 in. in diameter and at its center has a 
pip or peak of metal rising about '/» in. above the sur- 
face. A photomicrograph of a cross section of a spot is 
shown in Fig. 4. There is evidence of intense current 
concentration in the spots and deep, rapid penetration of 
heat. The steel is almost instantly melted when a new 
spot is formed, and the molten metal rises in a peak 
above the surface due to some type of force action. As 
the arc transfers from one anode spot to the next, the 
molten metal is rapidly cooled and the peak is solidified 
before it can flow down level with the tape surface. 


Fig. 3—Plan View of an Anode Spot on Steel Tape. Carbon 


Cathode, 80 Amp. 


+ 


Fig. 4— Photomicrograph of Section Through an Anode on 
Steel Tape. Carbon Cathode, 100 Amp. 
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Fig. 6—Oscillogram of Arc Current and Voltage with Battery Power Supply 


In the case of the steel-steel electrode arrangement, the 


Oscillographic Measurements 
formation of anode spots is similar to that described 


above except that they are not uniform in size and spac- 
ing. In addition, the metal is deposited in droplets 
which are spread in a line along the tape and cover the 
anode spots wherever they fall. The frequency of spot 


Figures 5 and 6 show oscillograms of simultaneous arc 
current and voltage characteristics as the are travels 
along the surface of the tape using a carbon electrode. 
The oscillogram of Fig. 5 was taken, using a 300-amp 


formation, however, is greater than the frequency of 
droplet transfer. This phase of the work is covered in 
more detail in the section below on “Droplet Formation 
and Stability.” 


welding generator as the source of current, and Fig. 4, 
using the large 450-amp.-hr. University battery as the 
source. From these oscillograms it is clear that as the 
are jumps to each new anode spot, the are voltage drops 
abruptly approximately 9 v. This abrupt drop is fol- 
lowed by a further gradual decrease of 3 to 5 v., resulting 
in a minimum voltage of about 27 v. The voltage then 
increases as the length of the arc is extended until the 
arc jumps to a new spot when the process is repeated 
The current variation, though not so marked, follows an 
inverse relationship to the voltage with a time lag of the 
order of 1 millisec. The oscillograms clearly show that 
the arc is continuous; i.e., it does not go out and the 
current does not fall to zero at any time. This observa- 
tion was also confirmed by the moving pictures taken of 
the arc. 

Superimposed on the current and voltage oscillogram 
traces, particularly the latter, are fluctuations of small 
magnitude and high frequency. These fluctuations 
were found to be independent of the source of power, the 
Red filter, Carbon cathode, 52 amp. Anode welding generator (Fig. 5), or the storage battery (Fig 
tape speed, 25 ft. per minute. 6). These rapid variations in are voltage are of the 


Fig. 7—Anode Jet 


Plasma 


new anode 
Spot 


Anode Anode Anode 


(a) (b) (c) 
Fig. 8—Arc Formation and Extension 


Three drawings of motion picture frames. Blue filter. 
ft. per minute. 


Carbon cathode, 52 amp. Anode tape speed, 25 
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order of 0.5 to 5 v. at frequencies in the range of 1000 
to 3000 eps. The oscillograms also show evidence of 
snall variations in voltage at higher frequencies. The 
cause of these rapid are voltage fluctuations is not 
tnown. They may be due to changes taking place in 
the anode jets, discussed later, or to some other factor. 


Motion Pictures 


High-speed motion pictures* at the rate of 3000 frames 
per second were taken of the arc as it traveled along the 
tape Black and white super XX film was used, which 
gave good details. Two types of filters were employed: 
a red one to bring out the action of the arc at the surface 
of the tape, and a blue one to study the arc stream or 
plasma. 

It was found that when the arc jumped to a new point 
on the tape, an anode spot is immediately formed. 
Coincident with the spot formation is the appearance of 
a jet of high velocity, consisting of vapor and incandes- 
cent particles, projected outward from the spot and per- 
pendicular to the surface of the tape. An anode jet is 
shown in Fig. 7. The anode end of the are remains 
anchored at the spot as the tape moves from underneath 
the cathode. The anode jet remains perpendicular at 
all times to the surface as the arc is lengthened by the 
motion of the tape. The metal is molten in the anode 
spot and was observed to be intensely agitated. The for- 
mation of the molten metal into peaks may also be seen. 

The movement of the arc stream was studied using a 
blue filter. In Fig. 8 (a), a new anode spot has just been 
formed almost directly beneath the cathode. Figure 
8 (b) shows the are anchored at this anode spot and the 
arc stream or plasma being extended as the anode spot 
moves away from the cathode. The jumping of the 
are and the start of the formation of a new anode spot by 
a dart discharge from the arc stream under the cathode, 
while the initial anode spot is still active, is shown in Fig. 
8(c). The are is never extinguished and the activity of 
one anode spot does not cease until a new one is formed. 


* The authors wish to express their thanks to Mr. Ronay and others of the 
U. S. Naval Experiment Station, Annapolis, Md., for their assistance and 
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Fig. 9—Variation of Anode —_ Characteristics with Electrode 


Positive electrode, steel tape; negative electrode, !/,-in. diam. 
carbon rod. Electrode separation, '/;, in. Arc current, 57 amp.; 
arc voltage, 28 v. Temperature, 71°F.; humidity, 27%. 
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Fig. 10—Variation of Anode Spot Characteristics with Current 


Positive electrode steel tape; negative electrode, '/,-in. diam. 
carbon rod. Arc voltage, 28.5. Electrode separation, */i¢ in 
Speed, 172 ft. per minute. Temperature, 67° F.; humidity, 28%. 
Source of power, storage battery. 


Characteristics of Anode Spots 


The formation of anode spots was studied over a wide 
range of speed, arc current and electrode separation for 
the carbon-steel setup. The anode spots were found to 
be uniform in spacing and size for any given set of condi- 
tions. 

The speed of the tape travel was varied from about 20 
ft./min. to its maximum speed of 360 ft./min., while the 
are current was held constant at 57 amps. and the elec- 
trode separation maintained at '/;, in. The results of 
these tests for two sources of power supply, generator 
and battery, are plotted in Fig. 9. These curves show 
that the number of anode spots per second increases 
linearly with speed and reach a value of about 400 per 
second at the maximum speed. The number of spots 
per inch or the distance between the spots is not affected 
materially by the speed as may be seen from Fig. 9. 
When the speed, however, falls below about 20 ft./min., 
depending on the value of are current, the track on the 
tape appears to be continuous and the individual anode 
spots cannot be identified. It is also of interest to note 


manner in which the are travels along the tape. 

The surface finish also influences the frequency of the 
anode spots. Ona rough surface the spots are irregular. 
In all of the tests reported here the steel tape was used 
The surface finish was bright and smooth. The tape was 
used just as it came from the mill. 

The effect of the current in the are on the number of 
anode spots per second and the number per inch of tape 
is shown in Fig. 10. It is evident that both the number 
per inch and the number per second increase with in- 
creasing current for a constant electrode separation and 
tape speed. 

Figure 11 shows the effect of the electrode separation 
on the number and spacing of the anode spots for a con- 
stant current of 66 amp. and a speed of 171.7 ft./min. 
As the separation is decreased the spots occur more fre- 
quently, and the spacing between the individual spots 
decreases until, at a separation of something less than 
1/3. in., what appears to be a continuous track is formed. 

In Fig. 11 there is also plotted a curve of total arc 
voltage vs. are length. This arc voltage includes the 
cathode and anode drops and the drop in the are plasma 
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Fig. 11—Variation of Arc Characteristics with Electrode Sepa- 
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Positive electrode, steel tape; negative electrode, '/s-in. diam. 
carbon rod. Arc current, 66 amp. Speed, 172 ft. per minute. 


Temperature, 67° F.; humidity, 24%. Source of power storage 
battery. 


or stream. This curve is a straight line over the region 
studied and the slope of this line, 32 v./in., is the poten- 
tial gradient in the arc stream for the conditions of the 
test. If this line is extended to the vertical axis corre- 
sponding to zero are length, the intercept, 24 v., very 
closely approximates the sum of the cathode and anode 
drops of the electrode materials. 


Droplet Formation with Steel Cathodes 


With a carbon cathode, the evaporation and burning 
away of the carbon is very slow, and the cathode spot 
remains stationary. The movies show, however, that 
conditions are quite different when a steel cathode is 
used. When the arc is started with a cold, bare elec- 
trode, the cathode spot initially remains stationary, and 
the anode spots produced on the steel tape aré similar in 
appearance and regularity to those found with a carbon 
cathode. Then, as the steel electrode begins to melt, the 
cathode spot starts to move rapidly and erratically over 
the surface of the molten end of the electrode. This re- 
sults in an unstable are and successive anode spots are 
neither regular in size nor uniformly spaced. In these 
tests the steel electrode was mounted vertically above the 
surface of the tape. 

As the end of the electrode melts the molten material 
accumulates on the end of the steel electrode and the 
droplet increases in size. The motion pictures show 
clearly that the anode jets exert a definite force on these 
droplets. As the arc jumps to a new spot under the 
cathode the force of the anode jet impinging on the mol- 
ten metal causes it to mushroom upward about the tip 
of the cathode. Drawings of two frames from a high- 
speed movie are shown in Fig. 12 (a) and (b). In (aja 
large droplet may be seen on the end of the steel elec- 
trode just before the arc jumps to a new anode spot. In 
(b) of this figure, the molten droplet has been forced up- 
ward about the electrode by the formation of a new anode 
spot directly below the electrode. 
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This action of the anode jet prevents the droplet {ry 
passing across the are stream to the work until it },. 
attained such a size that it bridges the gap and c::tses , 
short circuit. Also the force of the jet causes some oj ty. 
molten cathode material to be blown away as spatter Joss 

In a number of instances the short circuit produced }y 
a large droplet was found to be followed almost immeg; 
ately by a second short circuit of brief duration. \V},, 
the large droplet breaks away from the welding ¢le, 
trode the break occurs at the work end and takes th 
form of a “necking down” action. The high spec 
movies show that in some cases the tapered end of th 
droplet adhering to the electrode was long enough { 
bridge the gap a second time. The secondary short cir 
cuits are of very brief duration. 

The action of the droplets in short circuiting the a; 
resulted in an unstable arc. 


Mechanism of Arc Travel 


The tendency of the are to anchor itself at an ano 
spot seems to be connected with the concentration | 
the arc stream into a small area of high-current density 
This small area immediately becomes molten and a high 
velocity jet, consisting of vapor and particles, is emitted 
which offers a strong resistance to the lateral movemen: 
of the spot for a steel anode. As the arc lengthens th 
are stream or plasma underneath the cathode bends 
ward the moving anode surface. When the voltage ly 
tween the plasma and the anode becomes sufficient) 
high, the gap breaks down and a new anode spot | 
formed. The shortened length of the new arc path form: 
a preferred condition for the transfer of the entire ar 
current to the new anode spot. This process is int 
mately related to the material of the cathode which 1s tx 
source of electrons and it is also influenced by the natun 
of the atmosphere in which the arc is burning. 

When the speed of the moving tape is made sufficient) 


slow, so that the intense heat generated at the spot has 


time to fuse the material around it, the track of the ar 
travel on the tape appears to be continuous. Ther 


(, Cathede 


}— mushroom 
Spot —> 
anode 
(a) 
lasma 
anode spot 
Anode 
(b) 


Fig. 12—Effect of Anode Jet on Droplet Formation 


Red filter. Cathode, !/;-in. mild stéel rod. Anode, rotating s‘~ 
tape. Current, 140 amp. Tape speed, 20 ft. per minute. 
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no reason to believe, however, that the anode spot is not 
preserit. Its presence is merely obscured by the large 
melted area. 

The formation of anode jets appears to be related to 
the concentration of energy at the anode spot. The 
presence of jets in metallic arcs has been observed by 
other investigators,* and the recent tests of Haynes’ 
indicate particle velocities of the order of 10° cm./sec. 
The relationship of these jets to fundamental welding 
are properties such as material transfer, energy concen- 
tration and are stability has not been determined. It is 
hoped that the technique described in this paper will 


form a useful tool in unravelling these problems. 


Conclusion 


In conclusion, it may be stated that a new technique of 
observing and studying the welding arc is being explored. 
sy this technique it is possible to maintain a stable are 
and at the same time interrupt and repeat the are proc- 
ess so that certain effects can be observed before they are 
obliterated. 


The work to date has permitted the study of some 
unusual are manifestations which appear to be of an in- 
herent basic nature. Explanations of many of the ob- 
served phenomena are lacking, but it is felt that when 
such explanations have been discovered they will be of 
fundamental importance to the understanding and con- 
trol of the electric arc. 

The investigation is being continued. The effects on 
the anode spots of different cathode and anode materials 
atmospheres, humidity and other factors are being 
studied. 
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(Continued from page 469-s) 


As stated above, the laboratory tests place the various 
types of steel in the same order of merit. This is because 
each test gives the transition range for a notch of the 
dimensions of a crack modified by the conditions of the 
test which result in various degrees of strain before the 
crack becomes effective. 

A similar order of merit would be obtained with 
machined notches, but as the sharpness of the notch de- 
creases, the results tend to favor inferior steels. But 
even with the sharpest notch, the transition rahge is 
somewhat lower than that obtained with a crack, and 
what is required is to ensure that the material does not 
reach this lower transition range at the lowest service 
temperature. A specified minimum Charpy V notch 
impact value at the lowest service temperature would 
meet this requirement. 


Reply by Noah A. Kahn and 
Emil A. Imbembo 


The discussor concludes that not one of the project 
steels investigated by the authors would be satisfactory 
for service at a temperature of 0° C., and that even the 
best quality ship plate will fail with a cleavage fracture 
at 0° C. once a crack is started, inasmuch as the start of 
transition, as evidenced by the tear test, is invariably 
above 0° C. He implies that a direct correlation simi- 
larly exists between transition temperatures derived from 
the V-notch Charpy test and service conditions, and 
Suggests that a minimum V-notch Charpy impact value 
at the lowest service temperature be specified. 

It would appear that Mr. Honeyman has lost sight of 
the fact that, 1n so far as transition temperature is con- 
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cerned, the various small-scale laboratory tests do not 
show direct correlation with so-called “Ship Service” 
conditions, as exemplified by the large-scale simulated 
service test. Thus, the transition temperature, as re 
vealed by the tear test, is considered to be above that 
which would prevail under service conditions. In their 
opinion, therefore, steels H, B, and A would in all prob 
ability fail in a shear mode under service conditions at 

The authors are curicus to know what minimum V 
notch Charpy value would safeguard against brittle 
failure of medium steel plate in a ship's structure. Cau- 
tion should be exercised in the application of a minimum 
Charpy value since there is no guarantee that conformity 
to a minimum Charpy value at the lowest service tem- 
perature would preclude the possibility that this temper 
ture would be below or within the transition temperature 
of the material when installed in a ship structure. 

It is conceded that superior resistance to crack initia 
tion is desirable, but what is considered to be more im- 
portant is a suppressed transition temperature, so that 
if a crack does start, failure will be of a shear type rather 
than the more disastrous cleavage failure. 

The authors are not in agreement that there is no fun- 
damental difference between crack initiation and crack 
propagation. Lubahn* indicates that while the begin- 
ning of fracturing is an important problem, an equally 
important or possibly more important aspect of the prob- 
lem is the propagation of a crack of macroscopic size, 
once started. In fact, as he points out, it has sometimes 
been proposed that all metals contain real cracks, even 
when not under load; and in this case, the propagation 
of a crack would be the all-important aspect of fractur 
ing. 


* Lubahn, J. D., ‘““Notch Tensile Testing,” Fra 
Society for Metals, pp. 90-132 (1948 
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servative design requirements, failures have occurred. 


Introduction 


LTHOUGH ostensibly the analysis of the stress 
distribution in a spherical pressure vessel should 


be quite simple (and the successful operation of 


over 700 large Hortonspheres in this country attests to 
the general adequacy of the analysis and code require- 
ments), nevertheless, a few spectacular failures of large 
spherical pressure vessels have indicated the necessity 
for detailed metallurgical and strain gage studies. 

Since all of the failures encountered have occurred at 
low temperature,” the importance of obtaining steel 
plate possessing a transition temperature from ductile to 
brittle failure well below the lowest operating tempera- 
ture of the sphere is fully recognized. Research pro- 
grams at a number of universities are under way in an 
effort to relate the influences of chemical composition, 
absorbed gas, stress gradient, stress state, cold work and 
thermal gradient during welding, on the transition tem- 
perature of the steel. 

It has been recognized that the stresses in the shell of 
a large spherical pressure vessel depart from simple theory 
in the vicinity of the vertical support columns and at 
other discontinuities such as outlet openings and plate 
junctions. Code requirements usually limit the working 
stress based on simple theory to one-fifth the ultimate 
tensile strength of the steel. In the case of the material 
commonly used (A.S.T.M. A-70 steel) this is one-fifth 
of 55,000 psi. or 11,000 psi. working stress. In addition, 
the code specifies a joint efficiency factor of 80% for 
welded pressure vessels. However, in spite of these con- 


Sphere of Investigation 


As one part of the general investigation, a 50-ft. 
Hortonsphere, storing butadiene gas at 60 psi. working 
pressure, was analyzed with electric strain gages. 

The Hortonsphere was constructed from 0.822-in. thick 
(A.S.T.M. A-70-39) semikilled steel plate, and the joints 
were fabricated by electric are welding with Fleetweld 
No. 5 rod. The sphere is illustrated in Fig. 1. The 
scaffolding used during the test is shown in Fig. 2 and the 
plan of the plate layout is given in the Fig. 3. The 
sphere is supported by six steel H columns and has a 
number of manhole openings, sumps and ducts. These 


openings are reinforced by the addition of circular 


plates welded to the shell at the edges of the holes, as 
illustrated in Fig. 5. 


* Reprinted with the permission of the Society for Experimental Stress 
> Vol. V, no 2, Addison Wesley Press, Inc., Cambridge 42, Mass. 
+ E. Anthony & Sons, Inc. New Bedford, Mass. Formerly Consulting 


| Engineer, Laguna Beach, Calif. 


Electric Strain Gage Analysis of a 
50-Ft. Hortonsphere 


By Given Brewert 
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Experimental Procedure 


Sixty-seven electric strain gages of the Baldwin SR-4, 
types A-7, A-3 and AR-4-1 (single gages and rosettes), 
were used on the outside surface of the shell plate. Thes 
gages were cemented to the plate with Baldwin Sk- 
cement and allowed to dry between 28 and 36 hours be. 
fore test. All gages were soldered to leads of No. 18 or 
No. 20 single-strand copper wire for connection with the 
strain-recording apparatus. A Baldwin 48-point auto 
matic Strain Recorder and an SR-4 Strain Indicator 
(Model EK) were used to observe the strains resulting 
from pressure load. This equipment is shown in Fig. 4 
Sphere pressure was observed with a Bourdon tube typ 
dial pressure gage on the sump at the bottom of the vesse! 
(Fig. 6). Temperature compensation consisted of an 
A-3 gage cemented to a section (1-ft. diam. by 0.822 in 

of A-70 steel plate on a table under the sphere. 

Prior to the attachment of strain gages, the Horton- 


Fig. 1—Fifty-Foot Hortonsphere Tested 
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Fig. 2—Photograph of Sphere with Scaffolding Used for Test 


sphere had been inflated to 64'/2 psi. with air. The test 
procedure consisted of valving off the pressure in decre- 
ments of 10 psi. with strain readings observed at the end 
of each interval. The observed elastic strains were then 
plotted against sphere pressure in the manner illustrated 
by the graph, Fig. 7. 


Stresses 


From the observed strains the elastic stresses on the 


outside surface of the sphere were calculated. A sum- 
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Fig. 3—Plate Diagram of Hortonsphere 
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Fig. 4—View of Strain Gage Recording Equipment Used for 
Sphere Test 


mary of the values determined is given in the Table 1. 
The highest observed stress was found at the juncture 
of a horizontal and vertical weld bead (see Figs. 8 and 
9). The stress here was found to be 33,800 psi., in ten- 
sion, at 64'/, psi. sphere pressure. The elastic stresses 
near the column supports were also found to be rather 
high as compared to values given by simple theory. 
These are indicated in Fig. 10. 
According to the theory, the bursting stress in a sphere 
under pressure will be: 
DP 50 X 12 X 64'/2 


fi=- 


At 4 x ().829 = 11,800 psi. 


Ln 


Fig. 5—View of Under Surface of Sphere Showing Four AR-4-1 
Rosettes in Place 
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Fig. 8—View Showing Weld Intersection Where Stress of 
33,800 Psi. Was Observed 
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Fig. 6—Valving Off Air from Sphere 
for this Hortonsphere where | id 
D = diameter, 50 ft 
P = internal pressure, 64'/» psi. | 
t = plate thickness of shell, 0.822 in. | ' 


f: = tensile stress in shell wall, av. 1 => 7700 PSt = 
From a study of Table 1, it is apparent that, at the 59300811 = 
juncture of the horizontal and vertical weld beads at Pa = 
plates 24-42-43, the stress in the shell wall is about 2.86 P a = 


times greater than the value predicted by theory. The *2Soo ee ee 
average value of the maximum stresses observed adjacent ila si 
to the three column supports was found to be 19,100 psi. Fig. 9—Stresses on T-Weld and Plate No. 43 
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TABLE I. 


OCATION AND MAGNITUDE OF Stresses ON HORTONSPHERE AT AN INTERNAL Pressure oF 6414 psi. 


straint of the bead and adjacent 
metal during thermal cooling, it 1s 
hard to imagine stresses of any great 
magnitude in a sphere, for there is 


On plate at a distance from welds or cutouts 4 9300 ment of the bead during cooling. 
“ 7700 Examination of the sphere shows 
On reinforcing plates around ducts, manhole openings, etc. Sump 5050 radial displacements ol all beads; il 
Ent. Duct 9000 the bead line were restrained against 
Outlet Duct | 3750 radial movement, then high residual 
Just outside reinforeing plates on shell itself 20760 stresses would exist, but this ve not 
41 | 12580 the case at the point of maximum 
| In the temperature range wherein 
50 18600 the steel of the spherical shell has 
- ductility and can flow before failure, 
| the high stresses observed on the 
On weld bead attaching manhole tube to reinforcing plate 4 13380 Hortonsphere are ol no serious con- 
— res : sequence, for local relief will take 
At end of H column weld on plate of sphere adjacent to column = — place before rupture and the actual 
. 7 17600 bursting will not occur until the stress 
39 14100 is uniform over the entire shell. 
pee However, in the range below the 
On shell plate adjacent to H column | ft above end of weld 24 14550 transition temperature Yo the ma- 
—_— _ terial, the high elastic stresses ob- 
24 14000 served may be serious. One recalls 
~ the case* of a 40-ft. diam. sphere, 
39 13000 under hydrostatic pressure of 115 psi. 
: pee and at a temperature of 40° F., which 
Sphere theory = ~~; all 11800 ruptured when struck by an &-lb. 
sledge hammer on one of the welded 
whe = diameter, inches, 7~.* 
seams. This sphere was constructed 
t = shell thickness, in. of 0.875-in. thick, rimmed and semi- 


or 1.62 as high as that anticipated by simple theory. The 
stresses found on the reinforcing plates and on the sphere 
plate at a distance from weld lines or cutouts were less 
than simple theory would indicate. 

The stresses given in Table 1 were calculated, for the 
most part, graphically. Poisson’s Ratio was taken as 
(.33 and no correction was made for cross sensitivity of 
the gages, as such corrections are probably beyond the 
accuracy of the test. 

As the stresses measured were on the outside of the 
spherical surface, the question has been raised as to how 
much of the high value of 33,800 psi. was due to bending 
of the skin as a result of local buckling. Future work 
envisions checking this point of high stress with a flexi- 
meter to isolate the axial component from the combined 
bending and axial strains. 


Discussion 


In most welded construction, high residual stresses 
exist after welding, unless steps are taken to relieve this 
condition by furnace annealing of the entire assembly 
or by physically stressing the whole to a point above the 
yield of the metal comprising the structure. In the case 
of large structures, neither stress relief procedure is 
possible, and for the sphere the question has been raised 
as to whether or not the elastic strains observed may be 
convertible directly to stress. For example, at the 
point of maximum stress (33,800 psi.), it is possible that 
a residual compression of perhaps 10,000 psi. prevailed 
Therefore, the maximum stress instead of being 33,800 
psi. would be only 23,800 psi. It is the author’s present 
opinion that very low residual stresses exist along the 
weld beads of a large sphere, and that these stresses are 
sufficiently low as to be discounted in the over-all accu- 
racy of the test. Since residual stresses result from re- 


killed steel. Subsequent impact tests 
on this material showed that its re- 


sistance to shock was cut in half by a temperature drop 
from 7S to 40° F. 

It is the author's present opinion that the state of 
stress influences the transition temperature of the steel. 
He believes that, for a given steel and given stress mag 
nitude, the biaxial condition, with two equal stresses in 
tension, will produce brittle failure at a temperature 
higher than that for the corresponding uniaxial condition. 
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Fig. 10—Stresses on Plate No. 24 Adjacent to Column Weld 
Sphere Pressure 64'/, Psi. 
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Since, in all regions of peak stress, the conditions were 
biaxial with the principal stresses of nearly equal magni- 
tude, this state appears likely to be critical at low tem- 
perature. Support is lent this conclusion since all 
spheres failures have occurred at low temperatures. 
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COMMUNICATION TO THE EDITOR 


Anchorage Farm, Sewell, N. J. 
9 August, 1948 


Mr. William Spraragen, 
Editor, THE WELDING JOURNAL, 
29 W. 39th St., New York 18, N. Y. 


Dear Mr. Spraragen: 


In the article by Stout and McGeady in 
the Welding Research Supplement of June 
1948, some important points deserve addi- 
tional emphasis. The main thesis is one 
with which everyone must agree, namely, 
that in comparing data on cold brittleness 
obtained by use of specimens of different 
types, the same index of ductility (as in 
the table of ‘‘criteria’’ in the reference) 
must be used in both. I would go beyond 
this point to prefer also a definite pro- 
cedure in reduction of the data, as in my 
paper in the Welding Research Supple- 
ment of December 1947. 

The authors in my opinion are wholly 
right in saying that “‘in all these designs (of 
test specimen), the desire has been to 
match the behavior of actual structures, 
and some attempt has been made to show 
that each one approaches such a goal. Of 
all the test specimens, the internally 
notched wide plate is at present considered 
to be the nearest approach to this goal.’ 

In view of this, why are we so reluctant 
to use for a convenient small specimen one 
which differs from this accepted standard 
wide plate only in width? By making it 
identical with the standard, except nar- 
row enough to bring the load needed 
within the capacity of whatever machine 
is available, we would still further reduce 
the “conflict of results and conclusions on 
this subject.” 

Referring to the longitudinal notch 
bend test, it lends itself especially to the 
study of brittleness in welds because the 


notch traverses the whole range from the 


center-line of the bead to the base metal 
beyond the limits of the heat-affected 
zone. The most vulnerable part of the as- 
sembly thus shows up as the point of origin 
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“Strength of Metals Under Combined Stresses,”’ 21. 
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Fig. 26. Brewer, G., ‘Welded Flanges,’’ Machine Design, 125 (Nov. 1947 


of the fracture. The price of this advan- 
tage, however, is that the progress of the 
crack is left concealed in the thickness di- 
mension. The presence of the bending 
gradient also is a serious departure from 
the conditions of service behavior, and this 
has a great but otherwise unknown effect 
on brittleness. I think that it is the 
gradient which accounts for the discrep- 
ancy in the curves for prime plate in the 
authors’ Fig. 3. 

The internally notched tensile plate 
shows no such discrepancies. Deviations 
among the various indices of ductility, 
such as energy absorption, deformation, or 
appearance of fracture, are matters of say 
10 to 20 degrees, at the most, and usually 
under 10 degrees. 

The internally notched tensile plate has 
not been used in connection with welds. It 
would be easy to put a weld in the path of 
the advancing crack in a 12-inch plate that 
the question is why it has not already been 
done. 

As to cost, a standard of comparison 
like that now in use with unwelded plates 
could be provided for a fraction of what 
has been spent in random tryouts of 
“specimens of all sizes and shapes,” 
mostly with inconclusive results. 

Such a test would have the same advan- 
tage as the Lehigh longitudinal notch 
bend test, namely, that of traversing the 
whole range of conditions in the zone 
about the weld. It would have the addi- 
tional advantage of doing this in a time 
succession rather than in a space pattern. 
And it would leave buried in the thickness 
dimension, where it cannot be seen, not 
the advance of the crack, complicated by 
unwanted gradients, but rather the same 
identical thickness pattern, whatever it 
may be, that obtains in the service frac- 
tures. 

May we not hope that the paper of Dr. 
Stout and Mr. McGeady may lead to the 

serious consideration of the internally 
notched tensile plate for tests of welded 
spegimens? 
Very truly yours, 
(Signed) WENDELL P. Roop 
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AUTHORS’ REPLY 


The authors appreciate the valuable and 
pertinent discussion presented by Captain 
Roop. 

The choice of a specimen which is suit 
able to measure the notch resistance of 
steel as it pertains to the performance t: 
be expected in service must hinge on a 
number of factors which tend to conflict 
with each other. 

The tensile test has a number of advan 
tages to which Captain Roop refers 
Among these are the ability to provid 
load values, ready observation of crack 
propagation and a lower gradient of stres 
along the section as compared to the bend 
test. 

There are also limitations to the tensil 
test. If the width exceeds some 3 in., few 
laboratories are equipped to handle th 
loads required. The testing of welded 
specimens becomes complicated by the 
orientation of the weld bead in the test 
section. The weld zone appears to aflect 
the behavior of the plate largely by serving 
as a locus for crack formation. If the weld 
is not placed in the test section so that tt 
can originate the crack, its influence on tl 
plate properties can be expected to lb 
small. 

Whether or not the discrepancies ) 
tween’ the various transition criteria © 
ported in the paper are real or apparent |s 
certainly not established. It is true, how 
ever, that DeGarmo found in his tests of 
hatch corner design that changes in design 
altered the ductility and energy absorp 
tion markedly, but at the same time, 1" 
troduced no change in the cleavage fr: 
ture exhibited by all the designs. 

There are probably many specimen « 
signs which are suitable for this field o! 
testing, but the authors hope, as they fee! 
sure Captain Roop does also, that tli 
number can be reduced to a point wher 
the tests of various laboratories can mor 
easily be compared. 
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Etfect of Weld Metal Composition on 
the Strength and Ductility of 
15% Cr—35% Ni Welds 


By David Rozet, Hallock C. Campbell and R. David Thomas, Jr.* 


Optimum composition limits for carbon, silicon, 
manganese, sulphur and phosphorus have been 
established for 15°; Cr-35°%%Ni weld metal, 
based on room temperature all-weld-metal ten- 
sile tests. Ultimate tensile strengths of 80,000 
to 90,000 psi. and elongations of 30 to 40%, in 2 
in. are obtained with weld metal of the following 
composition: carbon, 0.15 to 0.25%; silicon, 
0.20 to 0.60°7,; manganese, 1.00 to 2.00%, and 
sulphur and phosphorus, each 0.025°%, maxi- 
mum. The tensile specimens are usually free 
from fissures, especially if the carbon is on the 
high side of the range. Satisfactory side bend 
specimens are obtained on welds within this 
range of composition. Confirming previously 
published work, the introduction of columbium 
into the weld metal improves soundness, but 
since it also decreases ductility, it is considered 
an undesirable addition. In certain applica- 
tions requiring more than 1; silicon, the car- 
bon must be increased to more than 0.30‘, to 
avoid hot cracking and fissures. The resulting 
weld metal has high strength and low ductility at 
room temperature, but compares favorably 
with the published properties of cast alloys of 
similar composition. A similar series of tests 
using 18°/, Cr-38°;, Ni weld metal indicates that 
the same composition limits apply when chro- 
mium and nickel are simultaneously increased. 


Introduction 


HE influence of alloying elements on the mechant- 

cal properties and soundness of high nickel- 

chromium heat-resisting alloys has been an object 
of many investigations in recent years. 

This laboratory, in an investigation of the effect of 
alloying elements on the tensile properties of 25°) Cr 
20°, Ni weld metal,'! demonstrated the deleterious in- 

* Scheduled for Twenty-Ninth Annual Meeting, A.W.S., Philadelphia, Pa., 
week of Oct. 24, 1948 

t Research Chemist, Associate Director of Research and Engineering, and 
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fluence of such elements as silicon, sulphur and phos- 
phorus, resulting in poor mechanical properties and 
cracking of the weld. The crack sensitivity of chromium- 
nickel alloys has been attributed to the presence of a 
single-phase structure,’ a partially ferritic weld metal 
being less sensitive to cracks than a fully austenitic weld 
metal. 

Carpenter and Jessen* showed that silicate films are 
chiefly responsible for fissuring and failure of 25°) Cr 
20% Ni weld metal. Molybdenum and columbium 
seemed to counteract the bad effect of high silicon con- 
tents as far as fissuring was concerned; however, the 
columbium addition resulted in a decrease in ductility. 

Kihlgren and Lacy‘ showed that 14°, 75% 
weld metal possesses a critical columbium-to-silicon 
(Cb/Si) ratio of 4.5, beyond which the weld metal does 
not crack. Their investigation also demonstrated that 
freedom from cracking can be achieved in other nickel 
chromium-iron alloys by maintaining specified mint 
mum Cb/Si ratios. In order to avoid cracking in 15°, 
Cr—35°, Ni weld metal for instance, these authors 
recommended a Cb/Si ratio of 8.0. However, caution 
against the unrestricted use of columbium in this alloy 
has already been voiced in the literature.° 

The standard electrode composition for welding 15°; 
Cr — 35% Ni metal has long been as follows: nickel, 55°; ; 
chromium, 15°); carbon, 0.10°%; phosphorus, 0.025"; 
sulphur, 0.025% and silicon, 0.750%. This electrode 
composition has been used to weld both the coresponding 
wrought alloy, which is designated as Type 330 by the 
American Iron and Steel Institute, and the cast alloy, 
which is designated as Type HT by the Alloy Castings 
Institute. Frequently the cast alloys are produced with 
a high silicon content, the silicon being necessary for 
resistance to carburization and to oxidation.® Low- 
carbon weld metal with matching high silicon is very 
prone to cracking. It has been demonstrated by this 
investigation that a 15% Cr—35°% Ni electrode deposit- 
ing sound weld metal with about 1.5%, silicon can 
only be achieved by increasing the carbon content to 
about 0.40°>. The high carbon is necessary to counter- 
act the cracking tendency induced by the high silicon 
content. 
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The present paper is a report of a systematic and 
extensive study of the influence of carbon and silicon on 
the mechanical properties and the soundness of 15°% Cr 
~ 35% Ni weld metal. The carbon and silicon influence The chemical analyses and mechanical pri 
ras studied by means of 0.505-in. all-weld-metal tensile the deposited weld metal were determined in accorday 
specimens and briefly verified by side bend tests. A with A.W.S.-A.S.T.M. Specifications A298—4/ Th 
similar study was made of the 18% Cr—38% Ni alloy. _ tensile specimens were tested at room temperature in thy 
The influence of additions of sulphur, phosphorus, man- as-welded condition. The duplicate side-ber! spec 
ganese and columbium was also investigated. mens were machined and tested in accordance with 
T 


were a lime type containing no titania. The variatj, 
in alloy content of the weld metal were achieved thro, 
additions of the proper ferroalloys to the coatin 


A.W.S. Standard (Guided-Bend) Test for Welds 


specimens were taken from single-vee butt 
Table 1—Core Wire Analysis in */q-in. 15% Cr—35% Ni plates of the analysis », 
0.067 ported in Table 4, beveled at 22'/,° and set up with ! 
1.52 in. root opening 
ae Experimental Results 
34.17 Effect of Carbon 


a The effect of carbon in 15°) Cr — 35% Ni weld met 
ames = is shown in Table 2 and Fig. 1. The influence of carb 
variations was studied at various silicon levels, the dat 
Method falling into the four groups 0.11/0.27, 0.36/0.61, 0.87 
1.04 and 1.26/1.54°% silicon. The tensile specimens wer 
examined for evidences of fissuring and cracking } 
order to supplement the reported tensile data. 
It will be noted from Fig. 1 that the tensile strengt! 


he electrodes used in this investigation were all pre- 
pared from */j-in. diam. wire of the analysis reported in 
lable 1. The coatings throughout the investigation 


Table 2—Carbon Variation 


Re- 


duc 

tion 

Yield Tensile Elonga- of 

Sample Strength, Strength, tion, Area, 
No. Cc Mn Si S P Cr Ni Psi. Psi. % % Observatior 


Silicon Level 0.11/0.27% 


4124 0.073 1.68 0.11 0.020 0.011 15.14 34.30 49,000 72,000 24 26.2 Many fissut 
4125 0.096 0.13 49,500 74,500 24 32 Few fissures 
4120 0.114 0.22 52,000 77,500 25 36.6 Few fissur: 
4064 0.144 1.72 0.22 0.023 0.013 15.86 33.69 51,960 80,000 28 36.1 Few fissure 
4126 0.146 0.14 51,500 79,000 36 56.2 Few fissur 
4063 0.160 1.69 0.27 0.025 0.012 15.79 33.13 53,700 82,800 41.5 51.9 Few fissur 
4121 0. 164 0.23 55,000 84,000 35 40.4 Few fissurs 
4502 0.174 1.66 0.20 0.017 0.014 15.10 34.68 55,100 84,200 36 52.2 Sound 
4127 0. 187 0.19 58,000 87,000 38 49.8 Few fissures 
4844 0.218 1.69 0.16 0.011 0.015 15.40 34.40 59,500 91,000 36 44 Sound 
4723 0.316 0.20 73,000 108,000 26 24.5 Sound 
4845 0.350 1.68 0.24 0.014 0.010 15.26 34.09 72,500 105,000 28 38 Sound 
Silicon Level 0.36/0.61% 
3893 0.050 1.58 0.61 0.015 0.010 15.43 33.38 45,500 67,500 19 Broke in Many! 
radius 
4922 0.068 ey 0.41 42,500 71,000 32.5 29 Many | 
4334 0.12 ats 0.61 47,600 76,200 36 46.6 Few fissures 
4503 0.209 0.38 57,500 87,500 39.5 49.6 Sound 
4122 0. 220 0.36 59,000 89,500 42 44 Sound 
4816 0.225 1.67 0.49 0.009 0.016 15.46 33.35 59,500 91,000 38 50.5 Sound 
4504 0.231 0.58 61,500 92,000 38 51.5 Sound 
4123 0.269 1.85 0.45 0.017 0.012 15.19 34.00 56,200 97,700 32 12.5 Sound 
4724 0.403 ms 0.36 75,000 112,000 21 is 5 Sound 


81,000 115,000 13 11.5 Sound 


Silicon Level 0.87 


4846 0.176 1.71 0.93 0.012 0.016 15.20 33.32 57,000 86,000 29 37 Many fissures 
5074 0.192 1.74 1.02 0.011 0.011 15.49 33.48 52,500 81,000 26 32.5 Many fissurt 
4506 ‘ 60,500 85,000 19 95.1 Many fissurt 
4848 0.373 1.71 0.88 0.013 0.011 15.60 33.11 72,500 105,500 22 21.5 Sound 

4847 0.524 1.79 1.04 0.012 0.010 15.32 32.92 79,400 111,000 11 12.5 Sound 

4849 0.594 1.75 0.98 0.010 0.012 14.95 33.08 82,500 115,500 9g 9.5 Sound 


Silicon Level 1 26/1. 
4945 0.170 1.70 1.42 - ay 14.66 33.72 47,000 55,000 6 13 Many fissures 
4821 - 9 gr {55,500 62,000 5 7.6 Many fissurt 
4221R } 0.248 1.85 1.26 0.027 0.014 15.39 32.95 52,500 63,500 Broke in threads Many fissures 
4822 0.389 1.34 ne 73,500 99,500 7 10 Sound 
4823 0.475 1.36 77,700 106,800 8 8.3 Sound 
4824 0.633 Ayes 1.54 Te 85,000 117,500 6 6 Sound 
4825 0.72: 1.83 1.38 0.017 0.014 14.87 32.87 86,500 122,000 6 4 Sound 
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BER 


‘creases With increasing carbon at 


ji levels of silicon. The elongation 
acreases tO a maximum and then 
Jecrea The level of carbon which 
ives the optimum elongation varies 
with the silicon level and is equal to 
bout 0.20% carbon for silicon con- 
tents below 0.60%. At this level 
of silicon, the value of 0.20° 0 carbon 
is appr’ simately the critical limit be- 


low which fissures are present in the 
elongated tensile specimens and above 
which no fissures are present. With 
arbon higher than 0.20%) the weld 
metal remains sound even though 
the ductility decreases. If the silicon 
higher than 0.60[%, elongation de-. 
reases and fissures are present in the 
elongated all-weld-metal tensile speci- 
mens unless more carbon is added to 
the weld metal. For instance, at the 
level of about 1.5°, silicon, about 
40°, carbon seems to be necessary 
in order to eliminate fissures. The 
iuctilitv in this case remains low. 


fect of Silicon 


The effect of silicon at the four 
levels just discussed under carbon can 
readily be seen in Fig. |. However, 
n order to observe the effect of 
iicon more clearly, a systematic 
nvestigation was conducted at the 
ptimum carbon level of 0.16 to 
.25°>. Table 3 and Fig. 2 show the 
influence of silicon very distinctly. 
\t this level of carbon the optimum 
mechanical properties are obtained 
with about O0.40°, of silicon in the 
weld metal. Fissures start to develop 
in the elongated tensile specimens 
it about 0.60%% silicon, and they be- 
ome more numerous as the amount 
{ silicon goes up. The progressive 
levelopment of fissures with increas- 
ing silicon is seen in Fig. 3. 


‘ample 

No Mn Si S 
S44 0.218 - 0.16 

127 0.187 0.19 

0.174 1.66 0.20 0.017 
12] 0. 164 0.23 ’ 
63 0.160 1.69 0.27 0.025 
122 0.220 0.36 

+903 0.209 0.38 

1816) 0.225 1.67 0.49 0.009 
1504 0.231 0.58 

$436 

We 0.213 0.76 

$506 

0-231 0.87 

1846) 0.176 1.71 0.93 0.012 
0.192 1.74 1.02 0.011 
1907 0.242 1.04 0.010 
182] 0.248 1.85 1.26 0.027 
+4 0.170 1.60 1.42 

1948 
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Fig. 1—Efiect of Carbon 
Table 3—Silicon Variation 
Carbon Level 0.16/0.25% 
Re- 
duc- 
tion 
Yield Tensile Elonga- of 
Strength, Strength, tion, Area, 
P Cr Ni Psi Psi. % w// Observations 
59,500 91,000 36 44 Sound 
58,000 87,000 38 49.8 Sound 
0.014 15.10 34.68 55, 100 84,200 36 52.2 Sound 
ne ; 55,000 84,000 35 10.4 Few fissures 
0.012 15.79 33.13 53,700 82,800 41.5 51.9 Few fissures 
59,000 89,500 42 44 Sound 
57,500 87,500 39.5 49. 6 Sound 
0.016 15.46 33.35 59,500 91,000 38 50.5 Sound 
61,500 92,000 38 51.5 Sound 
{52,000 84,500 38 Few fissures 
53,000 82,500 33 9.5 Many fissures 
62,700 91,700 26 30.2 Many fissures 
{60,500 85,000 19 25.1 Many fissures 
155,500 77,000 19 25.5 Many fissures 
0.016 15.20 33.32 57,000 86,000 29 37 Many fissures 
0.011 15.49 33.48 52,500 81,000 26 32.0 Many fissures 
0.013 14.97 33.08 58,000 70,500 9 30.5 Many fissures 
0.014 15.39 32.95 55,500 62,000 5 7.8 Many fissures 
; 14.77 33.72 47,000 55,000 6 13 Many fissures 
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It will be observed that there is considerable scatter 
in the tensile strength data, which is explained by the 
effect of carbon variations occurring in the silicon series. 
In the carbon range from 0.16 to 0.25 the tensile strength 
curves of Fig. | are rising rapidly, and a small variation 
in the carbon content or a slight error in the estimation 
of carbon will result in an apparently large deviation in 
the observed tensile strength. Since curves 1, 2 and 3 
are fairly close together in that carbon range, the slight 
variation in tensile strength as a function of silicon is un- 
able to even out the deviations due to variation in carbon. 
The existence of a fairly well-defined maximum in the 


elongation curve of Fig. 2 explains why the elong.:| 
Fig. 1 are higher for curve 2 (0.36 to 0.61% silicw: 
for the other curves having higher as well 
contents. 
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Relationship Between Carbon and Silicon 


From the elongation curves discussed so far 
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Fig. 2—Effect of Silicon Fig. 4—Relationship Between Carbon and Silicon 
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¢ 0.38 0.58 0.76 0.87 1.04 
Ki T. S., Psi. 84,200 87,500 92,000 91,700 85,000 70,500 

El. % 36 39.5 38 26 19 9 


Fig. 3—Typical Series of Tensile Specimens with Constant Carbon and Varying Silicon Contents 
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C, % 0.068 0.209 
Si, % 0.41 0.38 
T. S., Psi. 71,000 87,500 
El., % 32.5 39.5 


Fig. 5—Side-Bend Specimens of Welds Having Constant Silicon and Varying Carbon Contents. Tensile 
Data Are from Corresponding All-Weld-Metal Tensile Bars 


esting relationship has been found between the carbon 
and the silicon percentages in 15% Cr-—35% Ni weld 
metal. This relationship has been sketched in Fig. 4. 
The optimum ductility is only secured when the carbon 
and silicon contents of the weld metal are simultaneously 
within the shaded area of the diagram. With suffi- 
ciently high carbon, the weld is sound at any silicon level 
but the elongation becomes lower and lower as the carbon 
increases beyond the minimum requirements. With in- 
sufficient carbon, the welds contain many fissures and 
the elongation falls off sharply. The maximum ductility 


C.% 0.218 0.209 0.243 
Si, % 0.16 0.38 1.04 
T.S., Psi 91,000 87,500 70,500 
% 36 39.5 


Fig. 6—Side-Bend Specimens of Welds Having Constant Carbon and Varying Silicon Contents. Tensile 
Data Are from All-Weld-Metal Tests of Same Electrodes 
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0.403 
0.36 
112,000 
21 


is achieved with about 0.20°, carbon and 0.40% silicon. 
If high silicon (above 1.0%) is required in this type of 
weld metal for protection against carburization and oxi- 
dation, a weld metal with the normal carbon content 
(below 0.25%) will be very prone to cracking and will 
have low ductility. However, if the corresponding opti- 
mum amount of carbon is introduced into such weld 
metal (about 0.40%, according to Fig. 4), a sound deposit 
is obtained without fissures in the elongated tensile 
specimens. The room temperature ductility in that 
case remains low, but the freedom from cracking is an 
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outstanding achievement. A specific example of this 
relationship is available from Table 2. At 1.26% silicon, 
tensile plate 4821 with 0.25% carbon cracked badly 
during welding, and of course showed many fissures in 
the tensile specimen. Starting with 0.39% and increas- 
ing to 0.72% carbon in the weld metal, no fissures were 
present in either the welds or the elongated tensile 
specimens from plates 4822, 4823, 4824 and 4825. It is 
estimated that as little as 0.35% carbon would have been 
sufficient to eliminate all fissuring in these specimens. 


Table 4—Guided Side-Bend Tests 


Sample No. Si Comments 
Carbon Series 
4922 0.068 0.41 Fair ductility, fissures 
4503 0.209 0.38 Good ductility, sound 
4724 0.403 0.36 Low ductility, sound; both 
specimens broke in weld 
at 45° bend 
Silicon Series 
4844 0.218 0.16 Good ductility, sound 
4503 0.209 0.38 Good ductility, sound 
4507 0.243 1.04 Geod ductility, large fissures 
Chemical Analysis of the 15% Cr — 35% Ni Plate 
& Mn Si S) P Cr Ni 
0.106 1.64 0.74 0.004 0.014 14.99 34.70 


Side-Bend Tests 


It was pointed out by Carpenter and Jessen’ in their 
study of 25% Cr — 20% Ni weld metal that the guided 
side bend test is more severe and more discriminating 
than the 0.505-in. tensile test as an indication of sound 
weld metal. Carpenter and Jessen found that the side- 
bend test correlated far better with their 25% Cr —- 20% 
Ni production welding experience than the standard 
tensile tests. It seems logical to expect the same 
relationship to hold true in the case of 15% Cr — 35% Ni 
weld metal. Accordingly, sufficient side-bend tests were 
included in the present study to verify the applicability 
of this test and to establish the correlation between side 
bends and tensile tests. The data are presented in 
Table 4. The appearance of the specimens is shown in 
Figs. 5 and 6. The tensile data given under the speci- 
mens are taken from Tables 2 and 3. 


20 -26 
42-35 


2 
@oov 


= N\ 
20r 
\ 
| 


.06 


03 os 
PER CENT SULFUR OR PHOSPHORUS 


Fig. 7—Eftect of Sulphur and Phosphorus 


As will be seen from Table 4 and Figs. 5 and 6, at a 
silicon level of about 0.40%, fissures are present in the 
bend specimens when the carbon is low, but the metal is 
free from fissures (although the ductility is low) when th 
carbon content is high. Similarly, at a carbon level oi 
about 0.20%, the specimens are sound when the silicon 
is low, but many fissures appear when the silicon is 
high. These observations agree well with the 0.505-in 
all-weld-metal tensile tests. 


Effect of Sulphur and Phosphorus 


The influence of sulphur and phosphorus on the tensile 
properties and the soundness of 15% Cr -35% Ni weld 
metal are shown in Table 5 and Fig. 7. With increasing 
amounts of either of these elements above the commercial 


Yield Tensile Elonga- 
Sample Strength, Strength, tion, Area, 
No. fe Mn Si Ss P Cr Ni Psi. Psi. % % Observations 
Sulfur Variation 

4908 0.256 1.71 0.42 0.010 0.012 15.22 33.91 58,500 91,500 37 47.5 Sound 

4910 0.232 oe 0.42 0.017 np: spas me. 58,500 91,500 36 49 Sound 

4911 0.244 0.42 0.019 58,000 91,000 34 40.5 Sound 

4912 0.236 1.66 0.42 0.023 0.010 15.22 33.42 60,000 93,000 38 45 Sound 

4967 0.220 + 0.42 0.035 re or ahr 57,000 86,000 22 22 Few fissures, 
porosity 

Phosphorus Variation 

4908 0.256 1.71 0.42 0.010 0.012 15.22 33.91 58,500 91,500 37 47.5 Sound 

4816 0.225 1.67 0.49 0.009 0.016 15.46 33.35 59,500 91,000 38 50.5 Sound 

4817 0.240 ie 0.54 Me 0.028 it af 57,500 83,500 22 30.5 Many fissures 

4818 0.207 ve 0.55 -F 0.030 55,500 79,500 19.5 23.5 Many fissures 

0.222 0.50 0.032 55,000 69,500 11 17 Many fissures 

2 56,000 81,500 21.6 22 Many fissures 

slag 

4863 0.227 1.78 0.48 0.009 0.042 15.32 52,000 59,500 8 17 Many fissures 
slag 


Table 5—Sulfur and Phosphorus Variation 
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Table 6—Manganese Variation 
Re- 
duc- 
tion 
Yield Tensile Elonga- of 
Sampl: Strength, Strength, tion, Area, 

No. S Mn Si Ss P Cr Ni Psi. Psi. % % Observations 
4907 0.230 1.43 0.45 . 0.012 0.010 15.12 34.24 59,500 92,000 32 42 Sound 
4908 0.256 1.71 0.42 0.010 0.012 15.22 33.91 58,500 91,500 37 47.5 Sound 
4909 0. 246 1.90 0.45 0.011 0.012 14.85 33. 52 60,000 92,500 36 47.5 Sound 


limit of about 0.025%, weld bead cracks appear during the solution of the hot cracking problem by an increase 
welding, the tensile strength and the elongation both in carbon and the control of silicon would seem to be more 
decrease and many fissures occur in the elongated all- acceptable than the introduction of a foreignelement. If 
weld-metal tensile specimens. later experience,however, should indicate a necessity for 

lowering the carbon content and that columbium has no 
Effect of Manganese objectionable effects, it may well be that columbium will 


The data for manganese are shown only in Table 6. prove a valuable addition. 


It is evident that manganese within the observed limits 
does not appreciably influence the tensile properties or 


the soundness of the 15% Cr — 35% Ni weld metal. 

Effect of Columbium 

0,000 
The influence of columbium on the mechanical proper- | 

ties and soundness of the 15% Cr -— 35% Ni weld metal 

was studied at a level of 1.21/1.46% columbium and . he 

0.54/0.63% silicon in the weld metal, with variations in 

carbon from 0.08 to 0.36%. The data are presented in SWLICON S4- 6336-6 

Table 7 and Fig. 8. It can be seen that below 0.30°; many Fissunes 

carbon in the weld metal, the tensile strength is slightly Few missus = @ ® 

higher than at the same level of carbon without colum- sound ° ° 

bium, and from this carbon content on, the tensile Eases 

strength is slightly lower than without columbium. ey 

The elongation, with columbium present in the weld é 

metal, is slightly higher for carbon contents under 0.10%, | | nel Se 

but from this carbon content on, the elongation is 


sensibly lower than for weld metal without columbium. | | 
The only important contribution of the columbium seems  ,, | | | | 
to be the elimination of fissures in the elongated all- | 


] 


weld-metal tensile specimens at the low carbon level of z 
about 0.10%, as compared with the 0.20% of carbon | © = 
which is required in the absence of columbium. : 
The desirability of introducing columbium into pro- Zz 
duction welding electrodes is open to question, however. _,,|_* 4 
As was pointed out by one of the writers in discussing 5 
the introduction of columbium into high chromium- = 
nickel alloys,’ careful tests of all of the various qualities :: ee a) | | J 
lor which the 15% Cr -—35% Ni alloy is used must be Z 
conducted to determine that these other properties have 
not been adversely affected by the introduction of the | | aE 
columbium. In the absence of more complete informa- cant canton 
tion on the properties of these various alloy modifications Fig. 8—Effect of Carbon When Columbium Is Present 
Table 7—Carbon Variation in Columbium-Bearing 15-35 Weld Metal 
Silicon Level 0.54/0.63°7,. Columbium Level 1.21/1.46% 
Re- 
duc 
tion 
Yield Tensile Elonga- of 
Sample Strength, Strength, tion, Area, 
No. _ Mn Si Ss Pp Cr Ni Cb Psi. Psi. % % Observation 
4057 0.079 ‘ 0.54 1.42 53,600 78,200 29 32.5 Sound 
4058 0.114 0.56 1.36 58,000 81,700 29 45 Sound 
4059 0.119 0.57 , 1.21 59,000 82,400 29 47.3 Sound 
4060 0.200 0.59 1.34 67,000 92,000 29 41.5 Sound 
3954 0.355 1.82 0.56 0.009 0.014 15.01 32.54 1.42 77,500 106,250 26 24.4 Sound 
4061 0.361 0.63 1.46 80,400 106,900 22 23.4 Sound 
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Table 8—Influence of Carbon and Silicon on 18% Cr-38% Ni Welds 


Yield Tensile Elonga- vam 
Sample Strength, Strength, tion, Area, Fo 
No. S Mn Si Ss P Cr Ni Psi. Psi. % % Observations Fo 
Bare wire 18.06 38.64 a 
Carbon Series 
4979 0. 17.20 38.43 47,100 66,000 14 18.5 Many fissures 
5312 0.183 1.06 0.44 0.014 0.017 17.20 38.40 56,900 89,100 26 30 Many fissures F5 
4980 0.188 1.19 0.42 0.016 0.015 17.44 38.25 58,500 92,500 28 30.5 Few fissures F5 
4981 0.430 1.07 0.47 0.011 0.015 17.70 38.38 75,000 111,500 18 22 Sound = 
Silicon Series +2 
4982 0.178 1.16 0.17 0.010 0.017 17.54 38. 53 57,500 88,000 25 34 Many fissures a 
4980 0.188 1.19 0.42 0.016 0.015 17.44 38.25 58,500 92,500 28 30.5 Few fissures aa 
5312 0.183 1.06 0.44 0.014 0.017 17.20 38.40 56,900 89,100 26 30 Many fissures 
4983 0.204 1.14 0.97 0.012 0.016 17.29 37.88 57,000 66,000 Broke in Many fissures Vet 
shoulder 
A 
fisst 
met 
Effect of Carbon and Silicon on 189% Cr — 38% Ni Weld It was judged sufficient to test only the effect of carbon igh 
Metal and silicon. The results of the experiment are shown in ‘Tic 
Table 8. It is apparent that the carbon and silicon pa 
The basic electrode composition in all of the above exhibit about the same influence as discussed previously, ae 
experiments was the American Iron and Steel Institute’s and that these two elements should be adjusted with the des 
type 330, which is comparable in chromium and nickel same care in an 189% Cr—38% Ni electrode as in th me 
content to the type HT alloy of the Alloy Casting Insti- 15% Cr—35% Ni alloy, if the electrodes are to deposit ol 
tute. The specifications for these alloys allow 13 to 17% sound weld metal of maximum ductility. on 
chromium and 33 to 37% nickel. The maximum ductility obtainable from the 18; Cr — 
A higher alloy composition is frequently specified when — 38% Ni weld metal appears to be substantially below m8 
high temperature corrosion, chiefly gas corrosion, may be the values obtained for 159% Cr-—35% Ni. At carbon rt 
severe.© This is the type HU alloy of the Alloy Casting and silicon levels corresponding to samples 4980 and filn 
Institute, containing 17 to 21% chromium and 37 te 41% 5312, 15% Cr-35% Ni weld metal should give about he 
nickel. It seemed desirable as a part of the present 40% elongation (see curve 2, Fig. 1) as compared with filn 
study to check whether the higher chromium and nickel 26 and 28% for 18% Cr-38% Ni. Since a few fissures ss 
content of an 18% Cr — 38% Ni weld metal would appre- are observed in the latter specimens, further increases in 
ciably alter the relationships discovered in the 159 Cr- carbon may be necessary in this alloy to achieve the 
35% Ni weld metal. optimum ductility. 
foe 
1000 X 
Fig. 9—Photomicrographs of Weld Metal from Side-Bend Sample No. 4507 with High (1.04%) Silicon 
Content. Intergranular Slag Film Accounts for Tendency of This Alloy to Show Fissures and Cracks C 
Etchant: Aqua Regia in Glycerin r 
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Table 9—Influence of Annealing Heat Treatments 


Yield Tensile Reduction 
Strength, Strength, Elongation, of Area, 
Sample No. G Si Heat Treatment Psi. Psi. % % Observations 
F5OS2 0.108 0.25 As-welded 50,000 78,000 36 46 Few fissures 
F5082-1 Annealed * 33,000 73,500 42 52 Few fissures 
itions F5U83 0.192 0.25 As-welded 52,000 80,500 35 50.5 Sound 
Annealed * 35,500 78,000 42 53.5 Sound 
F5084-1 : 3 Annealed* 37,000 82,500 41 47.5 Sound 
ures F5139-2 As-welded 44,600 75,700 30 35.1 Few fissures 
ures F5139-1 0.108 0.64 Annealed * 32,000 74,800 40 44 Few fissures 
res F5139 Homogenizedt 31,800 73,800 40 47 Few fissures 
100° F. (15 min.), water quenched. 
+ 2000° F. (31/2 hr.), water quenched. 
sSures = = 
Ires 
SuUTES 
-_ Metallographic Observations silicon and in high silicon deposits. Therefore, in the 
An attempt was made to determine the cause of of evidence, and 
fissuring by metallographic examination. This attempt ‘*P ing spite 
met with only partial success, but shed some additional ©°™gs which the authors pointed out in the discussion 
light on the subject. of that paper. A large slag film in a high silicon weld 
rbon Carpenter and Jessen* had postulated the presence of ‘¢posit is illustrated in Fig. 9. Oe’ 
— silicate slag films to explain the increase in fissuring en- The photomicrographs presented in Figs. 10 and 11 
— countered in high silicon 25% Cr — 20% Ni weld deposits. survey the effect of varying the carbon content of the 
0 At higher carbon levels the disappearance of the silicate weld metal. Each of the photomicrographs was taken 
1 the slag films was explained by the greater fluidity of the ima weld bead just below the fusion line of the subsequent 
the weld metal. The data presented above on the influence weld layer. The heat from the subsequent weld bead 
posit of carbon and silicon in 15% Cr -—35% Ni weld metals has thus raised the temperature of the metal in the 
: would indicate that the same explanation might upper portion of each photomicrograph to close to the 
o Ur properly be applied here. The metallurgical labora- fusion point, whereas the lower portion of the photo- 
_ tory therefore conducted the usual tests employed in micrographs represents metal reheated to a somewhat 
tar identifying nonmetallic inclusions. By treating the lower temperature. 
— films with hydrofluoric acid, the inclusions appeared to At the lowest carbon-content (Fig. 10 (a@)) carbides are 
with be attacked, indicating the presence of silicates. The not readily observed, if in fact they are present at all. 
ae films were too small, however, to observe any difference The dark particles finely scattered throughout the 
ag in the amount of attack between films observed in low austenite matrix as well as along the grain boundary are 
the 
Sample No. 4922 (a) Sample No. 4503 (b) 
Fig. 10 Photomicrographs of Weld Metal from Side-Bend Specimens of Low (0. 077%) and Medium (0.21%) 
Carbon Content 
on The intergranular film in the low-carbon sample accounts for cracking tendencies of this alloy. Themedium 
Ss carbon weld metal shows excellent mechanical properties and freedom from cracks or fissures. Etchant, Aqua 
regiain glycerin. X 250 
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Fig. 11—Photomicrographs of Weld Metal from Side-Bend Sample No. 4724 with High (0.40%) Carbon 
Content 


The weld metal is much less ductile at this carbon level, but free from any indication of weld metal cracks or 


fissures. 


probably oxide inclusions. They are more numerous 
then in the welds containing higher carbon, possibly due 
to the higher viscosity of the molten metal. 

At 0.21% carbon (Fig. 10 (})), carbides are readily 
observed in the lower half of the photomicrograph, 
which portion of the weld has been reheated to tempera- 
tures within the carbide precipitation range. 

The solubility of carbon in austenite at temperatures 
just below the fusion point is reported to be about 
0.30%. Thus the structure of alloys containing more 
than this amount of carbon may be expected to show 
evidence of carbide which has solidified from the melt. 
The eutectic appearance of such carbides (Fig. 11) sug- 
gests that the constitution diagram for this alloy with 
respect to carbon variations may be similar to the iron- 
iron-carbide diagram for compositions aboye 1.8% 
carbon. 


Influence of Quench Annealing on Fissuring 


The microexamination clearly indicated intergranular 
slag films in those specimens that showed severe crack- 
ing or fissuring, but in borderline specimens the presence 
of slag films was doubtful. To make certain that fissur- 
ing in these cases was not the result of some alloy segrega- 
tion or some stress raiser, either of which could be re- 
moved by heat treating at elevated temperatures, 
duplicate or triplicate all-weld-metal bars were prepared 
at several carbon and silicon levels. The compositions 
were chosen to give weld metals just above and below the 
critical analysis at which fissuring disappears in normal 
tensile tests. 

One of each of these specimens was tested as-welded to 
serve asacontrol. The duplicate specimen was annealed 
at 2000° F. for 15 min. and water quenched before test- 
ing. The triplicate specimen of series 5139 was held at 
2000° F. for 3'/2 hr. to effect an homogenization of the 
structure, then water quenched and tested. The tensile 
results are shown in Table 9. 

The quench annealing seems to have nat no effect on 
the degree of fissuring. Borderline specimens which 
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would have shown fissures as-welded showed the’ same 
amount of fissuring after quench annealing. The tensile 
properties were modified in the expected manner, the 
yield strength and tensile strength decreasing and the 


elongation and reduction increasing. Attempts to 
heal potential grain boundary weaknesses by heat treat- 
ment are apparently unavailing. The fissuring is un 
doubtedly caused by intergranular voids created during 
the solidification of the weld metal. 


Summary 


The tendency of certain chromium-nickel alloy weld 
metals to show hot cracking or fissures has been reported 
previously by this laboratory and by others. In the 
case of the 15% Cr-—35% Ni alloy, are welding with 
coated electrodes has occasionally led to difficulties 
because of low ductility and cracking of the weld metal. 

Using electrodes having a lime type covering, and vary- 
ing the weld composition through coating additions, it 
has been shown that the amount of carbon and silicon in 
the weld metal greatly influences the mechanical proper 
ties and the soundness of the welds. The optimum 15°, 
Cr-35% Ni weld metal composition is about 0.20°, 
carbon and 0.40% silicon, with other elements present in 
conventional amounts. The strength increases with 
increasing carbon contents, and decreases with increasing 
silicon content. The ductility increases with carbon and 
with silicon as long as these are below the optimum 
value, and then it decreases. Fissures in the elongated 
tensile specimens and, in extreme cases, weld bead cracks 
visible during welding will be encountered when carbon 
is below or silicon is above certain well-established limits. 

The desire of foundries to match the composition oi! 
certain alloy castings for elevated temperature servic« 
results in frequent requests for high-silicon. high-carbon 
electrodes. When about 1.5% silicon is required, 
carbon must be increased to about 0.40% to avoid hot 
cracking and fissures. The resulting weld metal has 
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hig!) strength and low ductility at room temperature, 
but compares favorably with the properties of cast 
allovs of similar composition. 

Sulphur and phosphorus beyond the usual commercial 
limits of about 0.025% have been proved harmful. Man- 
ganese has no apparent influence. The introduction of 
columbium into the weld metal confirms results of pre- 
vious investigators in that fewer fissures are encountered 
in the low-carbon alloys, but the ductility is substan- 
tially lower than for similar alloys in the preferred carbon 
range. Columbium is therefore believed to be un- 
necessary. 

Most of the experimental data were obtained on alloys 
containing 14.5 to 15.5% chromium and 33.5 to 34.5% 
nickel, corresponding to American Iron and Steel 
Institute’s type 330 and the Alloy Casting Institute’s 
type HT. Sufficient data were obtained on an alloy 
containing 18% chromium and 38% nickel, comparable 
to the Alloy Casting Institute’s type HU alloy, to es- 
tablish that similar composition controls apply, although 
the maximum elongation attainable may be somewhat 
lower than for 15° Cr — 35% Ni. 


The exact cause of fissures has not yet been clearly 
established, but the evidence points to the existence of 
intergranular slag films present in the high-silicon and 
low-carbon alloys. Attempts to show that fissures 
could be eliminated by quench annealing heat treatments 
were unsuccessful, thus confirming the theory that the 
grain boundary microfissures form during the solidifica- 
tion of the metal. 


References 


1. Campbell, Hallock C., and Thomas, R. David, Jr., ““The Effect of 


Alloying Elements on the Tensile Properties of 25-20 Weld Metal,” Tur 
WELDING JOURNAL, 25 (11), Research Suppl., 760-s to 768-s (1946 
2._ Thomas, R. David, Jr., ‘Crack Sensitivity of Chromium-Nickel Stain- 


less Weld Metal,”’ Metals Progress, 50 (3), 474-478 (1946) 
3. Carpenter, O. R., and Jessen, N. C., “Some Factors Controlling the 
Ductility of 25% Cr-—-20% Ni Weld Deposits,” THe JOURNAL 
26 (12), Research Suppl., 727-s to 741-s (1947) 
ae : Kihlgren, T. E., and Lacy, C. E., “The Control of Weld Hot Cracking 
in Nickel-Chromium-Iron Alloys,”’ Ibid., 25 (11), Research Suppl., 769-s to 
775-s (1946) 
5. Thomas, R. David, Jr., “Discussion of Paper ‘The Control of Weld 
Hot Cracking in Nickel-Chromium-Iron Alloys,’ Jbid., 26 (3), Research 
Suppl , 190-s to 191-s (1947). 
6. Avery, Howard S., and Matthews, Norman A., ‘Cast Heat Resistant 
Alloys of the 16% Chromium — 35% Nickel Type,”’ Tran 4m. Soc. Metals 
38, 957-1022 (1947) 


Preliminary Test of Spot-Weld 
Shunting in 24 ST Alclad’ 


By A. R. Hard? 


This paper describes the results of tests in which 
an attempt is made to isolate the strength loss 
due to shunting in single row spot welded 
joints in 24ST alclad. Tests of welds made at 
various spacings characteristically show a de- 
cline in the strength per weld at the closer spac- 
ings. It is demonstrated that most of this de- 
cline in strength per weld is due to factors other 
than weld shunting. The effect of wire buf- 
fing and chemical treatment in preweld clean- 
ing was briefly investigated. A method of 
measuring shunt path resistance through a 
spot weld was developed. Although no direct 
correlation of shunt path resistance and energy 
level necessary to compensate for shunting was 
possible from the results of this investigation, 
the shunt path resistance measurement may 
prove of value in future tests. Tests of welds 
made at different energy levels indicate that 
the welds most effected by shunting are the 
weaker welds made at the lower energy 
levels. Although this investigation failed to 
develop machine settings which would com- 
pensate for weld shunting, such a procedure 
appears to be possible. All test panels were 
welded on condenser discharge equipment 
using a manually operated indexing table to 
control the weld spacing. 


HE highest strength joint that has been produced 

in 24 ST Alclad sheet is. the 2-row spot-weld 

joint. Crawford and Pease’ have reported on the 

development of 2-rew spot-welded joints with ultimate 

* To be presented at Twenty-Ninth Annual Meeting, A.W.S., Bellevue- 
Stratford Hotel, Philadelphia, Pa., Oct. 25-29, 1948. 


tT Research Eagineer, Division of Industrial Research, State College of 
Washington. 


Fig. 1—Typical Welding Setup 
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strength in excess of 50,000 psi. While riveted joints of 
comparable strength have been developed the rivets 
were not flush driven. Flushing the rivets would prob- 
ably lower the strength of the joint below the 50,000 
psi. figure. At present, insufficient design data are 
available to allow the designer to calculate spot-weld 
patterns for the high-strength joints. Part of this dif- 
ficulty is brought about by weld shunting. At close 
spacings welding current is lost due to the current path 
provided by adjacent welds. While Vedowa? has in- 
vestigated the effect of weld spacing on the tensile and 
shear strength of the single-row spot-welded joint no 
known investigator has isolated the shunt effect. De- 
velopment of a method of evaluating and compensating 
for the shunt effect appears to have considerable value in 
the development of high-strength spot-welded joints. 


Equipment 


- Several items of equipment for an investigation of this 
type are available at the Division of Industrial Research. 
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Fig. 2—Preparation of Specimens 


These include a Taylor-Winfield condenser discharge 
welder, type HWRD-36RA, a G-E current-force re- 
corder and standard surface resistance measurement 
equipment. To provide accurate means for preparing 
weld specimens, an indexing table was designed and 
constructed. This table will produce weld spacings of 
1/1, to 2°/, in. in increments of '/, in. and a panel length 
of 24in. For multiple row joints the distance between 
rows of welds can be varied from '/;, to 6 in. in increments 
of '/1. To avoid inductive losses the table is constructed 
It is easily 
A spring-loaded 


almost entirely of magnesium castings. 
attached to the welder with one bolt. 


Table 1 


FACTOR = 


WIRE BUFFED 


CHEMICALLY CLEANED 


SPACING 


% 


O72 


1.09 


1.02 


.040 H.S. 


1.07 


99 


WELD 


.040 LS. 


.79 


96 


1.00 


roller on the lower electrode holder prevents the electrode 
from scratching the sheet. 


welding setup. 


A mechanical stage was added to the surface resistance 
measurement unit for the shunt path resistance measur- 


Figure 1 shows a. typical 


ments which are described later. 


tester. 


Single spot specimens for initial machine setting 
development were tested on a 5000-Ib. Dillon tensile 
Final specimens were tested on a 300,000- 
Ib. Baldwin Southwark tester using 3-in. Templin grips. 
This machine is provided with an extra low scale of 3000 


Ib. 


LOAD - LB. PER INCH OF JOINT 


ULTIMATE 


2200 


Procedure 


Test panels were cut from a standard 48-in. width 
sheet of 24 ST Alclad as shown in Fig. 2. These were 
cleaned in a standard 4-stage dip process using Solution 
No. 14,* and welded as shown in the same figure. 
resulting panel was separated into strips for testing. 
Specimens at close spacings which might result in sheet 
tension failure were milled and measured before testing. 


The 


STRENGTH -LB. PER 


JOINT 


1800 
—_ 072-072 
1600 t 
—.040-.040 
1400 x 
\ 
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800 / 
x 
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WELD SPACING - INCHES 
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Fig. 3—Comparison of ia oy and Chemically Cleaned 
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WELD SPACING - INCHES 


Fig. 4—Effect of Weld Spacing on Individual Weld Strength 
and Shunt Path Resistance 


All specimens were allowed to age four days before 
testing. 

Since shunting depends on the resistance of the shunt 
path it was thought that measurements of the shunt 
path resistance might provide information that would 
correlate with later results and ultimately lead to a 
shunt compensation control. The procedure developed 
was to make one weld in two pieces of material approxi- 
mately 3 X 5in. The resulting specimen was dipped 
into hot paraffin to insulate the faying surfaces. Since 
actual shunt resistance values are quite low, complete 
insulation is not necessary. Increasing the surface 
resistance to a relatively high figure is sufficient. Tests 
showed that the paraffin treatment gave resistances 
in excess of 11,000 microhoms. The paraffin was re- 
moved from the outer surfaces of the specimen to provide 
good electrical contact for the electrodes of the surface 
resistance measurement unit. Contacts for the bridge 
circuit were built into the clamp which supports the 
specimen on the mechanical stage. By this method it is 
possible to take resistance measurements at controlled 
distances from the weld. 

Spot welds in Alclad sheets which have been prepared 
for welding by wire buffing generally have a slightly 
higher shear strength than welds in sheet prepared by 
chemical cleaning. This is believed due to the slightly 
larger Alclad seal that results in buffed sheet. To 
determine whether this effect would appreciably in- 
fluence weld shunting, three sets of panels were prepared 
using 0.072 and 0.040 material. Two weld strengths 
were used on the 0.040 material. These results are 
shown in Fig. 3. Although welds in the buffed stock 
tend to have a higher shear strength, normal scattering 
of the experimental data is sufficient to mask any differ- 
ences in the shunt effect that might be due to surface 
preparation. As a further check the relation between 
the two sets of data was determined by dividing the 
strength of the wire-buffed specimens at a given point 


by the strength of the chemically cleaned specimen at 
the same point. This data, given in Table 1 fails to 
show any significant trend. 

It should be noted that a nonuniform scale is used: in 
the abscissa of Fig. 3. The scale is so selected that the 
reciprocal of weld spacing (welds per inch) will fall on a 
uniform scale. If each weld in a joint were to contribute 
the same strength regardless of its spacing a straight 
line function would result. When a uniform scale is used 
for the weld spacing the curve is hyperbolic. Since it is 
easier to visualize deviations from a straight line than 
from a hyperbola the nonuniform scale is preferred. 
This point has previously been discussed.‘ 


Table 2 

Electrode force, Ib...... 1400 
Time delay, milli-seconds......... 70 
Secondary force, Ib.... 3600 
Capacitance, mf 1440 
Electrodes, tip radius, in. (°/.—in Diam.) 3 
Turns ratio........ 450:1 

1800 

Charging voltages...... 

2450 


The data for the 0.072 and the high-strength 0.040 
material in Fig. 3 is replotted in Fig. 4 to illustrate the 
correlation of shunt path resistance. As might be 
expected the shunt path resistance is much higher for 
the 0.040 material. It was found that the shunt path 
resistance readings were more dependent upon the sheet 
gage than on the weld strength. Consistency of the 
shunt path resistance measurement was much better 
than the usual consistency obtained in measuring surface 
resistances. Readings taken on opposite sides of a weld 
frequently showed a difference of as much as ten micro- 
hms. It was noted, however, that:averages of readings 
from opposite sides of the weld generally checked quite 
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closely from one specimen to another. If the shunt 
path resistance measurement system has any value its 
use will probably lie in the 2-row joints where shunting 
can occur in several directions. Two attempts were made 
to develop machine settings that would allow sufficient 
current to produce full strength welds after shunting. 
The reciprocal of the shunt resistance was applied as a 


Tests on 0.072 24 ST Alclad 


Four groups of panels in 0.072 material were pre) areq 
using the machine settings shown in Table 2. 

All settings except the condenser charging voltage 
were left constant. One set of panels was welded 4 


} & each charging voltage. Since it is possible to obtain 
factor to the total welding energy. In both cases this 
procedure resulted in more welding current than was aeti 
on the '/,-in. spacing. Before more work can be done 
along this line it may be necessary to measure the — . an — 7 the 
dynamic surface resistance during welding and compare YY ue At 
it with the shunt path resistance measurements. 2000 wd yl | eae 
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lower and more uniform surface resistance by wire 
bufling, all subsequent specimens were chemically cleaned 
to reduce the electrode to sheet resistance and the 
faving surfaces wire buffed just prior to welding. 

‘The welds made at 1800 v. were very low in strength 
and would not be considered acceptable in production. 
Welds at 2450 v. represent the other extreme, being very 
high in penetration and having some tendency to spit. 
They were not intended to be the highest strength weld 
possible in 0.072 24 ST Alclad, but are near the upper 
strength limit that could be obtained without increasing 
the electrode force and the radius of the electrodes. 
At '/,-in. spacing the electrode impressions for the 2450 
v. welds overlapped considerably causing surface spitting. 
This resulted in inconsistent welds and a lower joint 
strength than was obtained at '/2-in. spacing and the 
same voltage. 

Joint strength curves at the four energy levels are 
shown in Fig. 5 together with the peak secondary welding 
currents. The lines OA, OB, OC and OD are base 
lines representing joints of constant strength per weld 
at all spacings. If shunting is the cause of the deviation 
of the experimental curves from the base lines it should 
be possible to obtain a correlation of energy level and 
weld spacing from the points where a base line intersects 
a joint strength curve. Measurements of weld diameter 
and penetration are given in Table 3. Points which fall 
on or near one of the base lines are indicated by letters 
corresponding to the base lines of Fig. 5. 

It becomes evident from a study of Table 3 that devia- 
tion of joint strength from the base line is not entirely 
due to shunt losses. Although the 1'/s-in. spacing at 
34 kiloamps and the */,-in. spacing at 37.5 kiloamps 
both fall on line OB, the higher energy level gives a 
larger diameter weld and increased penetration. 

Since it was not possible to obtain a comparison of 
shunted and full strength welds at various spacings the 
only alternative was to prepare welds at wide spacings 
and reduce the specimen width to correspond to the 
desired spacing. Although similar work has been done 
in determinations of specimen width for single spot 
specimens® no records of tests on very narrow specimens 
could be found. 

A second group of panels was prepared using the four 
original energy levels. All welds were made at 1'/>-in. 
spacing The resulting specimens were then reduced 
to widths of 1'/s, 1, */4, '/2 and '/, in. before testing. 
Ten specimens were prepared for each width. Results 
of these tests are shown in Fig. 6. There is some indica- 
tion that use of a 1'/.-in. width specimen in testing 
single spot welds in 0.072 material does not give the 
maximum weld strength indication. Since the 1'/2-in. 
specimen has also been recommend for material up to 
0.10 thickness® it might be advisable to use wider speci- 
mens in future tests of this type. The data of Fig. 6 
were converted to load per lineal inch of joint for com- 


parison with the multiple weld specimens previously 
tested. Because the second groups of panels did not 
exactly duplicate the weld shear strength obtained in the 
first series of panels it was necessary to apply a correction 
based on the 1'/2-in. specimens in order to obtain a direct 
correlation. This data is shown in Figs. 7 and 8. 

Deviation of the dotted lines (single weld specimens) 
from a straight line indicate the strength loss due to spect- 
men width effect. Shunt loss is indicated by the dif- 
ference between the single weld specimens and the 
multiple weld specimens. The results indicate that the 
lower strength welds are more affected by shunting than 
welds made at higher energy levels. This seems natural 
in view of the fact that the lower strength welds represent 
rather unstable welding conditions that are easily upset 
by small current loss due to shunting. The 39 kiloamp 
welds suffered the least strength reduction since the 
initial energy level was excessive for the conditions of this 
test. If the energy levels selected for this investigation 
had been closer together it would be possible to develop 
a group of compensating current settings for each curve 
investigated. When this has been done for several gage 
combinations and alloys, correlation of the shunt path 
resistance data may become possible. 

It is doubtful that shunt compensation has much 
value if applied to 0.072 24 ST Alclad, single-row joints. 
If sufficient data can be gathered to allow a proper 
analysis of shunting in 2-row joints more significant 
improvement of joint strength may be possible. 

While conversion of results obtained on the specimens 
of reduced width to ultimate load in pounds per inch 
may be open to some question it was necessary in the 
present investigation to assume that this does not in- 
troduce another variable. The validity of this assump- 
tion will be determined in future studies. From the 
experience gained in ‘this investigation it will be possible 
to lay out a better coordinated program for future work. 
It is hoped that further work along this line will lead to 
a better understanding of the behavior of spot-welded 
joints and the development of more complete design and 
process data. 
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The detrimental effect of the d.-c. component 
in a.-c. inert-gas arc welding on saturating the 
primary of welding transforms and causing very 
poor power factors has been generally recog- 
nized. This effect can be corrected by two dif- 
ferent methods, one by-passes the component 
from the transformer but leaves it in the arc; 
the other takes it out of both the arc and the 
transformer. The nature of the d.-c. com- 
ponent is shown by oscillograms of the welding 
current and voltage. The question of meas- 
uring the effective values of welding current 
is discussed and the meters used in the welding 
tests are described. The methods of controlling 
d.-c. component are described. Welding tests 
on aluminum plates were made with the ef- 
fective value of a.-c. welding current held con- 
stant. The d.-c. component, gas flow and arc 
length were varied and the effect of each var- 
iable on weld penetration, volume of metal 
melted and other factors was measured and the 
results plotted in charts. 


frequently used than direct current for welding 
aluminum with the inert-gas-shielded arc-welding 
process. Alternating current has the desirable character- 
istic of producing clean bright welds while permitting 
the use of fairly high current densities in the tungsten 
electrodes. 
It is now generally recognized that inert-gas arc weld- 
ing with alternating current tends to produce a d.-c. 
component in the welding circuit with a number of un- 


\ THE present time alternating current is more 


_ desirable effects on standard welding transformers. The 
_d.-c. component saturates the transformer core and this 
_results in high primary current, a very low power factor 


and a reduction in the rated capacity of the machine. 
Two methods have been used to protect the transformer 
from the d.-c. component. One of these eliminates the 
d.-c. component from the arc and the transformer, and 
the other eliminates the d.-c. component from the trans- 
former but not from the arc. The purpose of this paper 
is to compare the welding characteristics with and with- 
out the d.-c. component in the arc. 


Characteristics of D.-C. Welding 


The reason why differences in welding characteristics 
are produced by variation in the amount of d.-c. com- 
ponent can best be understood by first examining the 
characteristics of d.-c. welding in straight and reverse 
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ELECTRODE POLARITY (-) DIRECT (+) REVERSE 


— 
ALUMINUM PLATE 1 
Amperes 85 85 
Welding speed 10 10 
Gas Argon Argon 
Volts 10 16 
Relative penetration l 
Relative width ] 1.6 
Relative volume melted 1 1.9 
Surface appearance Black Bright 


Fig. 1—Comparison of Welding Characteristics of Direct and 
Reverse Polarity 


polarity. Weld beads on aluminum plate were made 
with direct current using straight and reverse polarity 
and a summary of the test results is shown in Fig. | 
The test beads were made by mechanically traversing the 
arc over a clean aluminum plate using a standard machine 
electrode holder. The term ‘‘weld bead’’ is used to de- 
note the section of the metal plate that is fused by the 
heat of the are. A reproduction of the etched section of 
the plate used is shown to scale with the electrodes. The 
gas nozzle and electrode holder are omitted from the 
sketch. In these two beads the same current value, 
travel speed and shielding gas were used. The size of 
the electrodes are normal for d.-c. welding. The electrode 
size is usually selected so that the heat in the electrode 
will maintain a small rounded molten end on the tung- 
sten. Insufficient heat will not fuse the end of the elec- 
trode, thus causing a wild arc; excessive heat will melt 
too much of the electrode with the result that the end 
drops off, consuming the electrode and contaminating 
the workpiece. The same welding current was used in 
both cases but more heat is absorbed at the electrode 
while using reverse polarity and the limiting current 
density is approximately '/, that obtained with straight 
polarity. This characteristic limits the use of reverse- 
polarity d.-c. welding to relatively low current values 
unless larger tungsten diameters (much larger than in 
common use today) are applied. 

Arc voltage is an important factor in welding charac- 
teristics. The arc voltage with reverse polarity is about 
6v. higher than with straight polarity for the same arc 
length. The result of the higher arc voltage is that more 
heat is available in the arc for fusing the aluminum as is 
shown by the measurements of the weld bead. Greater 
penetration for a given current is obtained with reverse 
polarity and the sectional area of the bead is much larger. 
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Fig. 2—Oscillogram of A.-C. Voltage and Welding Current 
with the D.-C. Component Indicated 


The shape of the straight-polarity bead has a greater 
depth-to-width ratio than the reverse-polarity bead. 

The difference in voltage for a given arc length between 
straight and reverse polarity is due to the difference in 
composition and size of the electrodes (the aluminum 
workpiece and the tungsten). When the tungsten is 
negative and the workpiece positive, the tungsten emits 
electrons and is bombarded by positive ions. Because 
of its small size and very high boiling point, the tungsten 
is heated to a high temperature; the result is a large 
thermionic emission of electrons. When the workpiece is 
negative, it must produce the electrons. Since it has a 
low boiling point and large size, its thermionic emission 
is low. To maintain a given current the lower ther- 
mionic emission requires a higher voltage. This is pos- 
sibly due to the need for obtaining electrons by field 
emission. 

The most important factor in the general acceptance 
of the process for welding aluminum is that welds can be 
made without the use of flux. With the proper use of the 
process the inherent surface oxide film on aluminum is 
broken down permitting the fused surfaces of joints to 
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Fig. 3—Oscillogram of A.-C. Arc Voltage and Welding Cur- 
rent with the D.-C. Component Suppressed 
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flow together to obtain clean bright welds. The surface 
of the reverse-polarity bead was clean and bright but the 
surface of the straight-polarity bead was black, although 
the metal fused under the surface film. When a joint in 
aluminum is attempted with straight polarity, the edges 
fuse but roll up away from the joint and become black 
with very little joint fusion. 

On each side of a reverse-polarity weld bead a white 
band is normally present after welding. It is also present 
at the leading edge of the molten pool while welding. If 
no pool is formed, the white band extends across the area 
that would have been occupied by the molten pool. This 
band is apparently an area in which the original oxide 
film on the aluminum has been removed by the arc. 
Various explanations have been offered for this pheno- 
menon but the one that seems most probable is that 
which can be called ‘“‘cathode sputtering.’’ This refers to 
a blast of particles which leave an are cathode even when 
there is no appreciable heating of the cathode. It is 
possible that the emission of electrons from the aluminum 
surface is the cause of the removal of these particles. In 
the case under consideration, such particles would con- 
sist mainly of aluminum oxide. It has been demonstrated 
that when an arc discharge is maintained on a cathode, 


CURRENT IN AMPERES 
CONDITION 
OF WiTH WITH OSCILLOGRAPH 
CURRENT 

MEASUREMENT | AMMETER ||, 
TRANSFORMER c 

SHORT CIRCUIT 200 197 262 .e) 200 
° 100 98 141 100 
WELDING 130 182 242 77.5 187 
“ 107 153 195 57 150 


Im = MAXIMUM INSTANTANEOUS VALUES OF THE AC 
COMPONENT 
C += THE DC COMPONENT 


Fig. 4—-Comparison of Current Measuring Methods 


the arc stream is concentrated on a very small spot on 
the cathode termed the cathode spot. On cathodes of 
low meiting point the spot travels around over its surface 
at a very high rate of speed within an approximately cir- 
cular area. This spot is traveling so fast over this area 
that the visual appearance of the arc is a truncated cone 
between the electrode and work with the larger area of the 
cone at the work. As the electrode traverses the work 
the oxide film is broken up in a band equal in width to 
the area covered by the cathode spot. On the basis 
of this theory the band is called the arc-sputtered zone. 
One limit to the width of the arc-sputtered zone is the 
area shielded by the flow of argon gas. 


Wave Forms in A.-C. Welding 


With this background of d.-c. arc-welding character- 
istics and theory, a study of a.-c. inert-gas-shielded arc 
welding becomes more understandable. The difference 
in d.-c. straight- and reverse-polarity voltages is signifi- 
cant in the behavior of a.-c. inert-gas-shielded welding 
arcs. It indicates that the resistance of the arc is greater 
in reverse polarity than in straight polarity. Since the 
polarity of an a.-c. are reverses each half cycle, the arc 
resistance changes each half cycle. The applied voltage 
being sinusoidal, the change of resistance produced dif- 
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COMPONENTS - AMPS 


(+) Indicates straight polarity (-) reverse polarity 


Fig. 5—General Trend of the Effect of D.-C. Component on 
Bead Penetration in a at Constant A.-C. Welding 
urrent 


ferent current magnitudes in each half cycle resulting in 
the unbalanced current wave with a d.-c. component. 

Since it has been assumed that the difference in arc re- 
sistance for straight and reverse polarity, and therefore 
the change in the d.-c. component, depends upon the 
difference in size, material and temperature of the elec- 
trodes, elimination of these differences in electrodes 
should eliminate the d.-c. component. This was verified 
experimentally by maintaining an arc between two tung- 
sten electrodes of the same size in which case no d.-c. 
component was noted. When the size of one of the tung- 
stens was increased, a d.-c. component appeared. 

The oscillogram reproduced in Fig. 2 shows a typical 
unbalanced a.-c. wave. . The solid horizontal line is the 
zero reference line for current and voltage. The ampli- 
tude of the positive and negative parts of the current 
wave differ. If there were no d.-c. component the am- 
plitudes would be the same. The unbalanced wave 
shown can be obtained graphically by algebraically add- 
ing to each ordinate of a balanced wave a constant 
quantity. This quantity is the d.-c. component. It is 
shown on the oscillogram as the distance between the 
dashed line and the zero reference line. 

One of the methods used to keep this direct current 
out of the welding transformer consists of a resistor, 
connected in series with the arc, and a tuned circuit made 
up of an iron core reactor and a capacitor connected in 
parallel with the arc. With this arrangement the d.-c. 
component is maintained in the arc but is by-passed 
from the transformer. The welding current oscillogram 
with this unit is similar to that in Fig. 2. 

The other scheme is to suppress the component in the 
entire welding circuit. One method is to insert a bias 
voltage in the circuit equal to 6 v. A lead-acid automo- 
bile-type storage battery answers these requirements 
and this method is commonly used. The positive ter- 
minal of the battery is connected to the electrode side 
of the circuit and one battery will carry between 100 and 
150 amp. welding current. Additional batteries con- 
nected in parallel will provide additional current ca- 
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pacity. With the batteries, however, there is us: ally 
small d.-c. component flowing in one direction (7 the 
other depending upon the welding conditions. 

Another method consisting of connecting cap: citors 
in series with the welding transformer and arc wil! sy 
press all d.-c. component regardless of welding conditions 
In addition, capacitors require practically no imaip. 
tenance and from an operating standpoint are therefore 
superior to batteries. A capacitance of 100 mf. per 
amp. of welding current has been used successjully 
With low-voltage nonpolarized electrolytic-type capac. 
itors the bulk and cost is not prohibitive. 

Figure 3 shows the oscillogram with the d.-c. cor. 
ponent suppressed by capacitors. The current wave js 
now balanced about the zero axis. The voltage wave js 
also shifted with respect to the zero axis. The magnitude 
of the voltage with electrode plus has increased slightly 
while a substantial reduction in the half of the wave with 
the electrode minus has also occurred. 


Electrical Measurement 


In this investigation it was necessary to measure the 
welding current and arc voltage. In measuring voltage 
and current there is the choice of reporting peak values, 
average value or rms. value. The last is in more common 
usage than the other two. In the case of current it is the 
value which is a measure of resistance heating loss, anc 
practically all a.-c. instruments are designed to measure 
it. All measurements herein are therefore rms. values 
with the exception of course of the d.-c. component. 

Because of the d.-c. component present in the welding 
current, a current transformer cannot be used to measur: 
the effective value of alternating current. To overcome 
this difficulty a clip-on type meter was used that operates 
on the principle of interaction between an iron vane and 
the magnetic field of the current to be measured. 

If a current consists of the summation of a sinusoidal! 
and a d.-c. component (which is the case of the welding 
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Fig. 6—Relation Between Bead Fusion and D.-C. Component 
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ually current under discussion) then its rms. value is given by " T 
2 
Sup 2 MIN O-C COMPONENT| 
Bs where Jm = the maximum instantaneous value of the : 
ike q.-c. component and c = the d.-c. component. 
f To illustrate the effect of the current transformer, 
sulk, simultaneous current readings were taken using a current a 
= Y: transformer plus an electrodynamic-type meter, the clip- 
4 ac- - 


on ammeter and a magnetic oscillograph. The results of 
these current measurements are shown in Fig. 4. The 
short-circuit current is sinusoidal. In welding, fairly 
ave ic good agreement is obtained between the oscillograph 
Litude value and the clip-on ammeter reading, but the reading 
ighth obtained with the current transformer is too low. The 
: with dc. component is easily obtained by using a standard 
dc. millivoltmeter and shunt. Because the deflecting 
torque of such a meter is proportional to the current, the 
d.-c. component is read directly on the meter. 

A word of caution is also necessary with regard to 
voltage measurements. Some of the universal meters 
measure a.-c. voltage by using rectifiers in combination 
with a permanent-magnet moving-coil meter. These 
meters will indicate an average value of voltage that is 
less than the rms. value. In this investigation a stand- 
ard electrodynamic-type instrument was used. 
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Fig. 8—Effect of Gas Flow on the Width of the Arc-Sputtered 
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A simple weld-bead test was used to investigate the 
Ing og ae f effect of d.-c. component for welding aluminum. The 
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In an investigation of this nature where comparisons , 1 
are based on relatively small differences it is necessary to 9° 
control other factors as closely as possible. A stable x -20 + ! 
a.-C, power source is necessary in order to have a uniform 
welding current. The use of a standard 75-v. welding # 
transformer with an oscillator was not satisfactory be- 
cause the positive half wave of the current cycle varies ) . 
because of the erratic nature of spark-gap oscillators. 


High frequency also complicates electrical measurements ARC LENGTH — INCHES. 


and if not properly handled will burn out instruments. Fig. 9—Etfect of Arc Length on the Width of the Arc-Sputtered 
Two welding transformers, connected in series to give an Zone 
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mounted on a travel carriage. The are was traversed 
over '/s-in. thick aluminum plates and the resulting 
weld beads were sectioned, etched and measured. The 
average measurements of two sections were used for 
plotting the results. The temperature of the aluminum 
plate was held at 70° F. at the start of each bead. The 
same apparatus was used for all beads while the welding 
current (300 amp.) and the welding speed (10 in. per 
minute) were held constant. The argon flow (10 to 30 
cfh.), are length ('/;; to 1/4 in.) and d.-c. component were 
varied. The component could not be conveniently con- 
trolled to fixed values, but it was controlled within three 
ranges by the use of storage batteries in series with the 
arc. These ranges are termed minimum, medium and 
maximum and the average values were 0, 95 and 160 
amp., respectively. The minimum range was obtained 
by connecting the storage batteries as a bias voltage 
against the normal component. The medium range was 
obtained without batteries, and the maximum range was 
with the batteries connected in opposite polarity to in- 
crease the normal component. 


Surface 


A total of 36 weld beads were made at 300 amp and, 
speed of 10 in. per minute. The penetration of ll th, 
beads is plotted against the d.-c. component as shown jy 
Fig. 5. This figure shows a general but definite tren, 
toward greater penetration as the d.-c. componcut 
duces to zero. The principal cause of the scatter of th, 
points is the variations in arc length and gas flow. Tj, 
grouping of the minimum, medium and maximum range 
of d.-c. component can be seen from the clusters of points 
on the chart. The greatest penetration is indicate; 
where the component reverses in direction. However 
under these conditions the electrode absorbs more hea 
and its current capacity is reduced. This effect is simila 
to that obtained by welding with reverse-polarity direc: 
current. The electrode current capacity with balanced 
a.-c. current is somewhat reduced from its capacity 
with d.-c. component. However, this is not serious unti! 
the component is forced in the reverse-polarity direction 
The maximum usable current for various sizes of tung. 
sten electrodes for balanced alternating currents and wit) 
normal d.-c. component is as follows: 
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Fig. 10—Automatic Welds in '/;-In. Aluminum With and Without D.-C. Current 
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Other welding factors affected by the d.-c. component 
are evaluated by plotting the data for one variable at a 
time. Figure 6 shows the relation of the sectional area 
of the bead fused by the are with various amounts of 
d.-c. component. The sectional areas were obtained by 
assuming the shape of the bead to be a parabola and cal- 
culating the area as */; the product of the width and 
penetration of the bead. These curves indicate a greater 
than straight-line increase of fused area as the d.-c. com- 
ponent is reduced. The effect is most marked when a 
long are length is used. 

The effect of d.-c. component on are voltage is shown 
in Fig. 7, the increase in arc voltage with decrease in the 
component partly accounts for the similar increase in 
bead penetration and area of fusion. There is also con- 
siderable change in arc voltage with are length. The 
peculiar increase in arc voltage at short arc lengths with 
minimum d.-c. component might be explained in part by 
the force of the arc forming a crater under the electrode. 
However, this could not be measured. 

The rate of gas flow necessary to insure clean welds is 
of major importance in the cost of using the process. A 
good indicator for insuring clean welds is the width of the 
arc-sputtered zone on each side of the weld. The width 
of the are-sputtered zone for a given arc length is plotted 
against the gas flow, as in Fig. 8. Here it is shown that 
a given width of weld can be made clean with a lower gas 
flow when the d.-c. component is minimum. Or from 
the other viewpoint, a larger clean weld can be made at a 
given gas flow when the d.-c. component is small or non- 
existent. 

When the gas flow is constant and the are length var- 
ied, the relationship of the d.-c. component and the width 
of the are-sputtered zone is shown in Fig. 9. Without 
the component the width of the sputtered zone is con- 
stant and at a maximum value, being probably limited 
to the extent of the gas coverage for the particular ap- 
paratus used. With the component present, the zone is 
considerably narrower and it decreases with decreased 
are length. This greater cleaning action with balanced 
alternating current is substantiated by the theory that 
the cleaning action of removing the oxide film takes 
place only when the current is flowing from electrode to 
work. With balanced alternating current there is a 
greater proportion of current in this direction than when 
the d.-c. component is present. 

Another important effect of the d.-c. component was 
on the shape and surface appearance of the beads. All 
beads made with minimum d.-c. component were flat 
and have a very smooth surface. One-half the beads 
made with the medium range of component were flat and 
smooth, while the others were uneven or were undercut. 
AH of the beads made with maximum component were 
irregular. 


Wave Form Effects on Weld Joints 


A few welded-joint tests were made to corroborate the 
findings of the bead-fusion tests. One series of tests, 
consisting of butt welding '/s-in. thick aluminum sheets, 
was made using completely automatic equipment. A 
closed square butt-joint without any backing was welded 
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Fig. 11 
D.-C. Component (Left) and with D.-C. Component (Right) 


-Automatic Fillet Welds in '/:-In. Plates made Without 


in one pass. A machine electrode holder mounted on a 
travel carriage traversed the joint wnich was held in a 
jig. Aluminum filler wire was added to the molten pool 
to provide reinforcement to make full section welds. 
The filler wire was fed by a controlled-speed wire feeder 
which was mounted on the travel carriage. Welds were 
made at 10 and 20 in. per minute both with and without 
d.-c. component. 

The surface and sections of the welds made are shown 
in Fig. 10. There is a distinct difference in the surface 
appearance of the welds made with and without the com- 
ponent. Those made with balanced alternating current 
are smooth with only a trace of weld ripple in the one 
made at 20 in. per minute. Another factor that shows in 
these photographs is the black particles on the surface of 
the welds. The material used was 61S aluminum and it 
had a fairly heavy surface oxide film that was not re- 
moved before welding. A more effective cleaning action 
can be noticed on the welds made with balanced alter- 
nating current. The specks on the weld surface are 
actually shallow pits resulting from etching the samples, 
and they occur wherever the black particles remained on 
the welds before etching. Clean welds would have re- 
sulted if the plates had been chemically cleaned before 
welding but the oxide was allowed to remain to illustrate 
the effect of the cleaning action due to the two types of 
welding current. The sections of the welds show that all 
the welds were of equal penetration and in both cases a 
lower current value for balance alternating current was 
required to obtain this condition. 

A more striking example of the effect of d.-c. com- 
ponent on bead shape and penetration is shown by the 
fillet welds in Fig. 11. These welds were both made 
automatically at 400 amp. and 6 in. per minute with the 
plates preheated to 400° F. For these particular con- 
ditions the weld with the component was not quite fused 
to the root while the other weld had excess penetration. 
The balanced a.-c. weld had a flat, smooth face with 
nicely concave edges, while the other weld was convex 
and rippled. Balanced a.-c. current has a particular ad- 
vantage for fillet welds in producing well-shaped fillets. 


Conclusions 


Under comparative conditions, a balanced alternating 
welding current has advantages over alternating current 
with a d.-c. component for welding aluminum with the 
argon-shielded arc-welding process in the following 
factors: (1) Greater penetration; (2) Greater volume 
melted; (3) Less shielding gas required; (4) Smoother 
weld surfaces; (5) Better shaped fillet welds; and (6) 
Cleaner welds. 
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An Investigation of Methods for 
Evaluating Welding-Arc Stability 
and Their Application’ 


By Robert A, Wyantt, Lauriston P. Winsor? and L. McDonald Schetky! 


The Welding Laboratory at Rensselaer Polytechnic Institute has for some time been engaged in an 
investigation of welding-arc stability sponsored by the Bureau of Ships of the Navy Department. 


The primary objectives have been the development of instrumentation for quantitatively evaluating 
the stability of the welding arc and the application of such instrumentation to a study of some actual 


welding arcs. 


The work has been based on the assumption that the stability of the welding arc can 


be evaluated in terms of fluctuations in arc current and voltage and occurrence of short circuits. 
The instrumentation has taken the form of circuits for determining rms: values of the fluctuating 
components of arc current and voltage and for counting short circuits. The actual development of 


the circuits will be described in a future paper. 


The present paper deals with the application 


of the circuits to a study of welding arcs established with mild steel electrodes of several types and 


under a variety of conditions with respect to arc current and voltage. 


There seems to be a distinc- 


tive relationship between the rms. deviations in arc current and voltage, and the average values of 


arc current and voltage. 


and the average values of arc current and voltage. 
with an interpretation of their significance with respect to arc stability. 


OR some time the Welding Labora- 
tory at Rensselaer Polytechnic In- 
stitute has been engaged in a research proj- 
ect on the welding arc sponsored by the 
Bureau of Ships of the U. S. Navy Depart- 
ment. The present paper is based upon 
the first formal report to the Bureau of 
Ships on the project.!. The ultimate ob- 
jective of the work has been to investigate 
the stability of the welding arc under ac- 
tual operating conditions using commer- 
cial electrodes and sources of current. It 
was first necessary to consider what is 
meant by arc stability and then to establish 
some means for quantitatively evaluatingit. 
This paper discusses welding-arc stability 
and describes various means which were 
investigated for its evaluation. A brief 
account is given of the measuring circuits 
which were developed and of their applica- 
tion in a few preliminary studies of weld- 
ing arcs to check their performance. An 
attempt is made to interpret the results 
obtained. A brief outline is presented of 
further work which is already in progress. 
A companion paper describing the com- 
plete development and circuit details of 
the instruments is now being prepared. 


Welding-Arc Stability 


Stability of the welding arc is a term 
that is widely, yet rather loosely, applied. 
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Qualitatively, arc stability refers to the 
tendency of the arc to burn steadily in 
spite of the continually changing condi- 
tions which are inherent in the welding 
process. This implies a uniform flow of 
heat to the work along with a steady rate 
of metal deposition in the face of transient 
forces tending to alter circuit conditions, 
to extinguish the arc, or to deflect it in 
space. It is hoped that through the pres- 
ent investigation the various factors 
which influence arc stability will become 
better understood and evaluated so that a 
quantitative definition of stability, or a 
quantitative stability factor, can be de- 
vised. This will give arc stability a more 
precise meaning. Once this is accom- 
plished it should be possible to determine 
quantitatively how arc stability is related 
to weld quality and production rate, and 
to the degree of skill and effort required of 
the manual operator. 

The behavior of the welding arc can be 
studied from several points of view; 
namely, electrical, thermal and mechani- 
cal. The electrical point of view was 
chosen for the purposes of this investiga- 
tion. Electrical disturbances in the arc 
can be divided into two classes: first, 
fluctuation in the arc voltage and current 
and, second, short circuits introduced by 
deposition of the electrode material. The 
degree of voltage and current fluctuation 
and the number and duration of the short 
circuits depend on many variables, such 
as the arc length, current, polarity, elec- 
trode material, travel speed, size of elec- 
trode, thickness of plate being welded and 
the circuit or machine characteristics. 
With some types of coated electrodes, 
short circuits in the are are practically 


Likewise, there is a distinct relation between occurrence of short circuits 
Typical data are presented in this paper along 


eliminated. For the purposes of this in- 
vestigation, the degree of voltage and cur 
rent fluctuation and the number and dura 
tion of the short circuits have been taken 
as an initial basis or criterion for stability 
measurements. Instrumentation has, 
therefore, been investigated and developed 
for determining the amount of variation 
in are voltage and current, and for count 
ing the short circuits which occur in the 
arc. The importance of studying arc be- 
havior during and upon recovery from in 
dividual short circuits has been recognized 
but this subject is considered to be a dis- 
tinct problem in itself and has not yet been 
included within the scope of the investiga- 
tion. 


Means of Evaluating Arc Stability 
Oscillographic Studies 


The most obvious and complete method 
of determining the fluctuation in voltage, 
current and power of the arc is by oscillo 
graphic measurements. Not only can the 
magnitude of the variations be determined 
by this method, but the exact wave form 
of the variation is obtained as well. Th« 
number and duration of the short circuits, 
and the corresponding changes in arc cur- 
rent, are not only recorded, but the man 
ner and sequence of their occurrence are 
likewise indicated. This makes possible 
complete statistical study of the voltage 
and current values. 

On the other hand, oscillographic studics 
are limited to relatively short lengths of 
time. Owing to the rapid fluctuation in 
arc voltage, oscillograms that can resolve 
this fluctuation require not less than 1 or 
2 ft. of paper per sec. When it is recall: 
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Fig. 1—Oscillogram Showing Fluctuations in Arc Current, Voltage and Power for 
an Electrode of the E-6012 Class. In This Class, Metal Transfer Occurs Frequently in 
the Form of Drops of Molten Metal Which Short Circuit the Arc 
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Fig. 2—Oscillogram Showing Fluctuations in Arc Current and Voltage for an Elec- 
trode of the E-6020 Class. In This Class, Metal Transfer Occurs Largely in the Form 
of a Spray of Fine Droplets of Molten Metal Which Produce No Short Circuits 


that a 14-in. electrode requires on the 
order of 1 min. for deposition, a complete 
oscillographic record of the deposition of 
one electrode would require a 100-ft. roll 
of oscillographic paper. It is obvious that 
the statistical analysis of such an oscillo- 
gram would present an extremely difficult 
and tedious job. Even short oscillograms. 
such as shown in Figs. 1 and 2, require 
several hundred measurements of each 
trace to provide adequate quantitative 
analysis. Such analysis is limited to the 
order of a second of arcing time or less. 

In order to cover a reasonable length of 
arcing time and to include the number and 
variety of variables necessary to make a 
general study of arcing conditions, it is 
obvious that oscillographic studies alone 
would not only be extremely cumbersome, 
but would probably soon bog down com- 
pletely. Rather, some method of instru- 
mentation is required that will indicate the 
degree of voltage and current variation 
and the frequency of short circuits by 
simple direct readings on appropriate 
meters or counters. Such instrumentation 
can provide much of the same information 
that is obtained from a statistical analysis 
of oscillograms with a small fraction of the 
work that would otherwise be expended. 

Both oscillographic and nonoscillo- 
graphic methods have their places in a 
complete investigation of the subject. 
Oscillographic records are necessary for 
complete details of the arcing phenomena 
over short lengths of time. They are like- 
wise useful in determining the type and 
sequence of voltage and current variations 
to be expected for given electrodes and for 
given typical operating conditions. Such 
information is invaluable in the interpre- 
tation of results obtained by direct reading 
instrumentation. 

Adequate oscillographs and auxiliary 
equipment were available for the research 
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to make possible measurement of instan- 
taneous voltage, current and power as a 
continuous function of time, with a cali- 
brated timing scale. Additional elements 
were available for making simultaneous 
auxiliary measurements, such as currents 
and pulses associated with other measur- 
ing devices. 


The Arcronograph 


A major factor in determining the stabil- 
ity of the welding arc is the number and 
duration of the short circuits in the arc 
stream introduced by the deposition of 
weld metal. One method of studying the 
duration of the short circuits would be to 
determine the ratio of the short circuit 
time to the total welding time. An alter- 
nate method would be to determine the 
ratio of the arcing time to the total weld- 
ing time. This latter method is the basis 
of the arcronograph, an instrument de- 
veloped at the U. S. Naval Engineering 
Experiment Station at Annapolis by Bela 
Ronay.?"? A commercial model of the 
arcronograph, manufactured by the Rubi- 
con Co. of Philadelphia, was furnished to 
the laboratory by the Bureau of Ships. 

The basic circuit of the arcronograph, 
in the form manufactured commercially, 
is shown in Fig. 3. A suitable portion of 
the voltage across the welding arc (that is, 
the output of the welding generator) is fed 
to the grid of a triode tube and the plate 
current to the tube measured on a record- 
ing milliammeter. According to the 
theory set forth in the patent claims, the 
circuit works as follows: When the arc is 
burning, the relatively high arc voltage 
swings the grid of the tube sufficiently 
positive to allow full current to flow 
through the tube. When the arc is short 
circuited, the grid of the tube becomes so 
negative that the current is completely 
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Fig. 3—Basic Circuit of the Arcronograph 
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blocked and the current through the milli 
ammeter drops to zero. On the assump- 
tion that the plate current is saturated 
when the arc is burning, the milliammeter 
should read full scale when the arc is burn 
ing and zero when the arc is short circuited 
The average current through the tube 
should, therefore, be linearly proportional 
to the ratio of the arcing time to the total 
welding time. If the milliammeter in the 
plate circuit has sufficient inertia to pre 
vent it from following the individual cur- 
rent fluctuations produced during short 
circuits, the reading of the meter should 
be proportional to the same ratio. The 
theory of the arcronograph outlined as- 
sumes the tube characteristic illustrated 
in Fig. 4 (A). In the range of short-circuit 
voltage (the short-circuit voltage will 
actually be a few volts due to the resist- 
ance of the short circuiting drop of metal 
and the welding electrode) the tube cur 
rent should be zero. In the entire range 
of arc-burning voltage, the tube current 
should be constant and independent of 
voltage. No restrictions on the tube 
characteristic are necessary between the 
two regions. 
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The commercial instrument of Fig. 3, 
which uses a 2A3 triode, has a character- 
istic which follows that of Fig. 4 (B). This 
characteristic, which was determined ex- 
perimentally for a fixed position of rheo- 
stat R,; and potentiometer P,, follows the 
tube characteristic J = Ke* where x is an 
exponent greater than unity. The adjust- 
ment of P; sets the initial bias on the tube 
and adjusts the cutoff current to occur at 
zero arc voltage. The adjustment of R, 
determines the value of arc voltage at 
which the meter reads full scale. 

Practically, the arcronograph is essen- 
tially a vacuum-tube voltmeter with 
special characteristics. Owing to the 
shape of the tube characteristic, a small 
change in the arc-burning voltage pro- 
duces a relatively larger change in the tube 
current. This amplifies the changes in the 
are voltage and causes a relatively iarge 
swing in the arcronograph meter for small 
voltage fluctuations. Other investigators 
have found that the arcronograph can 
provide valuable information about the 
consistency and quality of a weld. In the 
usual application of the instrument the 
magnitude and rhythm of meter swing is 
taken as a criterion of the quality of the 
weld. Care should be exercised, however, 
in the interpretation of the results. The 
range of the meter swing depends on the 
average value of the burning voltage of 
the arc, as well as the setting of the rheo- 
stat R;. The rheostat R, is adjusted to 
give a convenient range of swing. The 
amplifying effect of the tube characteristic 
is such that fluctuations in the arc burning 
voltage are included in the results shown 
by the arcronograph as well as the effect of 

short circuits. Such fluctuations in the 
burning voltage may have an even greater 
influence on the arcronograph reading 
than considerable variation in the short- 
circuit time. For example, arcronograph 
records were made in the laboratory for 
spray-type electrodes for which short cir- 
cuits were known to be absent. For a 
given setting of the rheostat R;, the arcron- 
ograph reading fluctuated over a range of 
between 15 and 25% of the full scale value. 
When the setting of the rheostat was 
modified to correspond to the change that 
would be required for a 2-v. change in arc 
voltage, the average value of the arcrono- 
graph reading shifted by about 15% for 
identical test conditions. 
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Fig. 5—Diagram and Circuit to Illustrate a Method for Determining the Statistical Distribution of Arc Voltage 


The characteristics of the arcronograph 
indicate that an absolute calibration of the 
instrument in terms of the ratio of arcing 
time to total time, or in terms of other defi- 
nite physical quantities or relations, is 
difficult due to the problem of separating 
the various factors which determine the 
arcronograph reading. It seems, therefore, 
that while the arcronograph has been 
found useful in many arc welding studies, 
other forms of instrumentation are needed. 
The arcronograph is available for simul- 
taneous use with other forms of instrumen- 
tation in this investigation. 


Power Factor Measurement 


When a single measure or expression is 
used to represent the degree of voltage or 
current fluctuation, it is necessary to des- 
ignate how that expression is to be de- 
fined and how it is to be measured. A 
number of suggestions are presented and 
will be discussed in some detail. 

Investigators at the U. S. Naval Engi- 
neering Experiment Station, Annapolis, 
Md., have suggested the power factor of 
the are as a desirable criterion of arc per- 
formance. The measurement of power 
factor would have the advantage of in- 
cluding simultaneously in one expression 
the effect of variation in the arc power, 
are voltage and arc current. Accordingly, 
considerable time was devoted in this 
laboratory to a study of the possibility and 
practicability of the measurement of the 
power factor of the welding arc. 

The term power factor is most com- 
monly employed in an a.-c. circuit where 
a phase shift between the voltage and cur- 


rent causes a reduction in power below the . 


product of the effective values of the 
voltage and current. By definition, the 
power factor is given by the expression: 


P. @ Po /EI 


where P. F. is the power factor, P,,. is the 
average power, £ is the effective or rms. 
value of the voltage and J is the effective 
or rms. value of the current. For a simple 
a.-c. circuit with constant parameters and 
a sinusoidal voltage input, the power 
factor reduces to 


P. F. = P,,./EI = EI cos 0/EI = cos 6 


where @ is the relative phase displacement 
between the voltage and current. 
In a d.-c. circuit with constant voltage 
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and current, the effective values of voltage 
and current are obviously the respectiy 
d.-c. or average values of each, and th 
power is the simple product of voltage an 
current. Hence, the power factor reduc 
to unity and is a superfluous term. Hoy 
ever, if the circuit voltage includes an a! 
ternating component, this will introduc 
an alternating component to the curren 
as well and the power factor may n 
longer be unity, depending upon the cir 
cuit characteristics. 

The introduction of a rapidly fluctuatin; 
nonlinear element, such as a welding ar 
into an otherwise linear circuit with con 
stant d.-c. input voltage will result in 
fluctuating component in the voltag 
across the nonlinear element. This wil 
in turn set up a fluctuating component i: 
the current, the magnitude and form of 
which will be dependent on the character 
of the remainder of the circuit as well as o! 
the arc. If the power consumed by the ar 
and the squares of the arc voltage and 
current are averaged over a period of tim« 
a power factor can be determined on the 
same basis as defined above. In genera 
this power factor will be less than unity 
The greater the degree of electrical sta- 
bility of the arc, that is, the smaller th 
fluctuation in voltage and current, the 
closer the power factor should approach 
unity. 

The preferred method to measure the 
power factor would be with thermal or 
electrodynamometer instruments  cali- 
brated to read effective voltage and cur- 
rent and an electrodynamometer watt 
meter to read average power. However, 
such instruments were not immediately 
available in the laboratory in the current 
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Fig. 7—Circuit of Fig. 6 with Clipping Circuit 
Added to Protect Thermal Milliammeter When the Arc 
Is Struck, Shorted or Broken 


range necessary to measure arc current. 
In order to estimate the range of power 
factor that might be encountered in an 
ire, therefore, oscillograms showing arc 
voltage, current, and power were obtained 
ind analyzed for some typical operating 
onditions. This was followed by a theo- 
retical analysis of a number of hypotheti- 
al cases illustrating the different basic 
types of fluctuations in current and voltage 
that occur in arc-welding circuits. 

On the basis of the above investigation, 
power factors in the range between 90 and 
100% seem to be a reasonable prediction 
for coated electrodes, with power factors 
in excess Of 95% for electrodes that pro- 
duce few or no short circuits. It is per- 
tinent, therefore, to consider the possible 
instrumentation to distinguish changes in 
, narrow band of relatively high power 
factors. Power factor meters to read 
power factor from a single instrument are 
ruled out since they all work on the basis 
ff a circuit which is tuned for an alter- 
nating current of a fixed frequency. The 
power factor in this case would therefore 
of necessity be computed from measured 
values of rms. voltage, rms. current and 
power. Assuming that the problem of 
measuring rms. currents and power, as 
encountered in welding, could be sur- 
mounted without error due to fluctuations 
of variable frequency in current and volt- 


ige, the problem of precision would still be . 


paramount. Portable laboratory meters 
of the precision normally encountered in 
laboratories can usually be expected to 
have not less than about 0.5% error. It is 
obvious, therefore, that power factors 
computed from simultaneous measure- 
ments on three meters could hardly be 
closer to the proper value than 1 or 2%. 
Power factors computed from recording 
instruments would miss the mark still fur- 
ther. With the exception of bare elec- 
trodes, therefore, the experimental error 
is nearly of the same order of magnitude 
as the variations in power factor to be 
studied. Since the present investigation 
is devoted largely to the study of coated- 
type electrodes, the variation in power 
factor to be anticipated was not deemed of 
sufficient magnitude to warrant the use of 
power factor as a criterion of arc stability. 
However, under the right circumstances, 
the method may have future applications. 


Form Factor Measurement 


The rms. value of the current or volt- 
age becomes increasingly greater than the 
average value as the fluctuating compo- 
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nent increases. The ratio of rms. voltage 
or current to the respective average value 
might conceivably be used as an index to 
the degree of fluctuation. This ratio is 
analogous to the form factor used in a.-c. 
terminology to express the ratio of the 
rms. value of a wave for one-half cycle to 
its average value for the same half cycle, 
For the fluctuating d.-c. case, the form 
factor would be computed from simulta- 
neous readings of rms. and d’Arsonval volt- 
meters or ammeters. 

By definition the form factor of the 
voltage is 


F. = Veme./ Vav. 


where F. F. is the form factor. This ex- 
pression is identical to the expression for 
the reciprocal of the power factor when 
the current remains constant at Jo amp. 
since 


It is found that the change in form 
factor is less than the change in power 
factor and therefore it would have little 
practical value as a criterion of voltage 
fluctuation. The same conclusion applies 
to current fluctuation. 


Statistical Distribution of Arc Voltage by 
Direct Instrumentation 


One method to determine the range of 
variation in arc voltage, without resorting 
to the inconvenience of oscillographic 
methods, would be to measure the average 
value of that part of the arc voltage which 
exceeds any assigned value of reference 
voltage. For example, consider the arc 
voltage illustrated in Fig. 5 (A). The con- 
stant voltage E,’ represents an assigned 
value of reference voltage and the cross- 
hatched area represents that part of the 
arc voltage which exceeds the reference 
voltage. The average height of this cross- 
hatched area provides a measure of the 
extent to which the arc voltage exceeds 
the chosen reference voltage. Ifa series of 
successive reference voltages is chosen, the 
average value of that part of the arc volt- 
age exceeding each can be determined. 
Such measurements would provide a good 
idea of the range and order of magnitude 
of the departure of the arc voltage from a 
fixed value. 

The average value of the cross-hatched 
area of Fig. 5 (A) could be measured very 
easily by the simple circuit of Fig. 5 (B). 


ARC STABILITY 


Fig. 8—Basic Circuit of the Short Circuit Detector 


The reference voltage E4’ is connected to 
oppose the arc voltage, and the rectifier 
connected with a polarity to conduct cur 
rent only when the arc voltage exceeds the 
reference voltage. The resistance R limits 
the flow of current which is indicated by 
the d.-c. milliammeter. If the milliam- 
meter has sufficient inertia, 

(Vare. — Ea’)av, 

R 


for values of Var. > Ey’. The milliam- 
meter could be easily calibrated to read 
the required voltage. 

A circuit based on Fig. 5 (B) was in- 
vestigated in the laboratory. The refer 
ence voltage E,’ was obtained from a 
potentiometer connected across a battery 
or power supply. The rectifier used was a 
6H6 diode. The resistance R was an ad 
justable stepped resistance of suitable 
range for use with a 1 milliamp. meter 
The resistance of the potentiometer was 
kept low compared with R so that Ey,’ 
could be adjusted over the desired range 
of voltage without introducing appreciable 
change in the calibration. Owing to the 
copious emission of the diode, it was found 
that appreciable current flowed in the 
circuit when the difference between the 
arc voltage and the reference voltage was 
zero. To overcome this error, the output 
voltage of a second potentiometer, sup- 
plied by a No. 6 dry cell, was connected to 
oppose the rectifier. This was adjusted to 
eliminate the current when the plate volt- 
age on the rectifier was zero, that is, when 
the arc voltage was just equal to the refer 
ence voltage. This circuit was set up in 
the laboratory and proper constants 
worked out. However, due to the priority 
of other instrumentation developed for 
the measurement of the fluctuation in the 
arc voltage, no tests were taken using this 
circuit with an actual arc voltage. 
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Measurement of the Rms. Value of the 


Fluctuating Component of Arc Voltage or 
Current 


One of the best mathematical terms to 
express the amount of statistical variation 
about the mean of a number of values of a 
quantity is the standard deviation. By 
definition, the standard deviation is the 
square root of the mean of the squares of 
the differences between individual values 
and the mean value. In the case of a 
direct current voltage or current with a 
fluctuating component, the standard de- 
viation is simply the rms. value of the 
fluctuating component. 

The most obvious way to measure the 
standard deviation of a voltage or current 
is to separate the fluctuating component 
and measure its rms. value by an appro- 
priate metering circuit or instrument. 
One method of accomplishing this would 
be to use a transformer to separate the 
fluctuating component of the voltage or 
current and measure it with an appro- 


Fig. 10—Measured Arc Length as a Function of Average Arc 
Current for the E-6010-A Electrodes 


priately calibrated a.-c. (rms.) meter in 
the secondary. On the surface, this 
method would seem a very simple solution, 
especially for the measurement of the 
rms. fluctuating component of the cur- 
rent, since a simple current transformer 
could be used to produce the a.-c. coup- 
ling. This method is seriously limited, 
however, by practical design considera- 
tions. A similar method would be to use 
a toroid such as has been used for the 
measurement of very large alternating 
currents.‘ This toroid is essentially a 
modified air-core transformer, which has 
the advantage that the calibration is in- 
dependent of its position provided that it 
links the current-carrying conductor. 
The idea of using the toroid was aban- 
doned when computations showed that 
insufficient sensitivity was available with- 
out the use of a multistage d.-c. amplifier. 

A third method of separating the fluc- 
tuating component from the voltage or 
current is effected by the basic circuit of 
Fig. 6. In its elementary form this circuit 
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Fig. 12—-Measured Arc Length as a Function of Average Arc 
Current for the E-6020 Electrodes 


is for the measurement of volta, 


» but} 
proper modification it can be a ar ; 
the measurement of current. 1 he oper 
tion of the circuit is as follows: 11 he capa 
itor C charges to the average value of », 
are voltage. The algebraic difference 4, 


tween the actual instantaneous a Voltag 
and the average are voltage therefore a, 
pears across the resistance R. The cy, 
rent through this resistance is direc 
proportional to the voltage across it, 7; 
current is read by a thermal milliammes,. 
which is calibrated to read the rms, ya); 
of the voltage across the resistance 
The milliammeter reading is therefor 
direct measurement of the standard ¢ 
viation of the voltage. If the input to; 
circuit is connected across the potent; 
terminals of a noninductive resistance 
series with the are current, the voltay 
drop across the resistance is directly p; 
portional to the are current, and 1) 
milliammeter can be calibrated to giv 
direct reading of the standard deviati 
of the current. 
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Fig. 11—Measured Arc Length as a Function of Average Arc 
Current for the E-6010-B Electrodes 
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Fig. 13—Measured Arc Length as a Function of Average Ar: 
Voltage for the E-6010-A Electrodes 
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Fig. 14—Measured Arc Length as a Function of Average Arc 


Voltage for the E-6010-B Electrodes 


[he elementary circuit of Fig. 6 has one 
serious limitation. The voltage drop 
icross the resistance R immediately fol- 
owing the initiation of a short circuit or 
in open Circuit of the arc is several times 
the fluctuating component of voltage 
when the arc is burning. If the sensitivity 
ff the circuit is adjusted to give a con- 
venient deflection on the meter for the 
rms. value of the voltage, the current 
hrough the thermocouple during the 
voltage peaks will exceed the maximum 
safe current for the couple. Since the 
thermal overload capacity of a thermo- 
ouple is small, the instrument would be 
burned out during normal usage. In order 
to overcome this situation, a clipping cir- 
uit was designed to by-pass any instan- 
taneous current exceeding the maximum 
rating of the couple, but to be noncon- 
lucting for currents below that value. 
The complete elementary circuit is shown 
in Fig. 7. 
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Fig. 15—Measured Arc Length as a Function of Average Arc 


Voltage for the E-6020 Electrodes 


An instrument based on this principle 
has been developed in the laboratory and 
very satisfactory results have been ob- 
tained for the measurement of voltage 
fluctuation. Two forms of the instrument 
have been evolved. One is the circuit of 
Fig. 7 which measures the drop across the 
resistance RK directly with an indicating 
thermal milliammeter in series with R. 
The second form is essentially the same 
except that the voltage across the resist- 
ance R is measured by a vacuum tube cir- 
cuit. Both forms of instrumentation have 
been used in the laboratory, but the elec- 
tronic circuit has certain practical design 
advantages which have led to its adoption 
in this investigation. For the purpose of 
this paper, the instrument has been des- 
ignated by the term “Rms. Deviation 
Meter.”’ 

Theoretically, the measurement of the 
rms. value of the fluctuating component 
of current can be done by measuring the 


240 AMPS. 


drop across a noninductive resistance in 
series with the arc. Unfortunately, the 
practical design of the circuit requires a 
fluctuating voltage input of the order of a 
few volts. Since the fluctuating compo- 
nent of the current is relatively low, of the 
order of 10% of the direct current value, 
this requires an appreciable total voltage 
drop across the resistance. When the 
welding circuit consists of a constant 
potential source of current and a pure re- 
sistance ballast, this problem can be easily 
met by measuring the drop across the en- 
tire resistance. This method was used to 
obtain the data presented in this paper. 
When a welding generator is used, how- 
ever, only a relatively small series resist- 
ance can be added without changing the 
circuit characteristics The available 
voltage is limited practically to the drop 
across a standard noninductive oscillo- 
graph shunt. This output can _ be 
measured only by the use of a d.-c. am- 
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Fig. 17—Per Cent Spatter Loss as a Function of Average Arc 
Voltage for the E-6010-B Electrodes 
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Fig. 18—Per Cent Spatter Loss as a Function of Average Arc 
Voltage for the E-6020 Electrodes 


plifier. Such an amplifier has recently 
been constructed and will be available for 
future work. 


The Short Circuit Counter 


The significance of short circuits in the 
are on the arc stability has already been 
discussed. One form of instrumentation. 
which has been found to be quite practic- 
able and significant, gives a count of the 
number of short circuits produced per 
second. An electronic circuit was de- 
veloped in the laboratory which counts the 
number of short circuits and records the 
count on a Cenco high-impedance me- 
chanical counter. The basic principle of the 
electronic counting circuit is the parallel 
inverter, conventionally used in conjunc- 
tion with Geiger-Mueller counters. The 
unique part of the circuit is the detector 
circuit which was developed to produce an 
impulse to initiate the counting circuit 
whenever the arc voltage drops to the 
short circuit value. 

The elementary circuit of the short cir- 
cuit detector is shown in Fig. 8. The 
circuit is fundamentally a parallel inverter 
consisting of the two thyratrons 7; and 
T,, the two current limiting resistors R; 


60 


32 


and R, and the commutating capacitor 
C,. When the arc is burning, tube 7; is 
conducting and the grid of tube 7, is held 
negative by the arc voltage applied across 
capacitor C. A short circuit in the arc 
allows capacitor C to discharge through 
resistance R, firing tube 7, which extin- 
guishes tube 73. The time constant RC 
determines the minimum duration of short 
circuit that can be detected. When the 
are recovers from the short circuit, capac- 
itor C recharges through the primary of 
the transformer. Tube 7; is simultan- 
eously fired by an impulse from the trans- 
former secondary. The firing of tube 7; 
extinguishes tube 7, thereby restoring the 
circuit to its original condition and leaving 
it ready to detect the next short circuit. 
The sudden rise in anode potential of tube 
Ty, as it is extinguished, provides the 
pulse which activates the counting circuit 
proper. 

In addition to the total count of short 
circuits, some knowledge of the way that 
they occur would probably provide valu- 
able information. For example, if two or 
three short circuits should pile up on each 
other, the effect on the arc stability would 
be considerably more detrimental than the 
same number of short circuits liberally 
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Fig. 19—Per Cent Spatter Loss as a Function of Average Arc 
Current for the E-6010-A Electrodes 
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spaced in time. An instrument simila; 
in objective to an electrical energy demang 


number of short circuits in a given unit of 
time would probably prove useful in this 
connection. To date, however, time has 
not permitted any work in this directiyy 


Visual Study of the Arc 


It has been emphasized in the paper tha: 
are stability is reflected by the fluctua 
tions in arc voltage and current and the 
deposition of weld metal. Not only ar 
these fluctuations significant because of 
their direct relation to electrical stability 
but they are indicative of the many physica 
changes within and about the arc whic! 
likewise help to determine the over-all 
stability of the arc. Such factors as th 
type of metal deposition, manner of for 
mation and motion of the globules befor 
and during their transfer to the pool 
changes in arc length, arc blow, presence 
of metal vapors and the action of the fluxes 
produced by the electrode coatings, all 
play a vital part in determining the arc 
stability. In fact, the physical and elec 
trical characteristics and changes within 
the are are so closely interrelated, it is 
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Fig. 20—Per Cent Spatter Loss as a Function of Average Arc 
Current for the E-6010-B Electrodes 
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Fig. 21—Per Cent Spatter Loss as a Function of Average Arc 
Current for the E-6020 Electrodes 


OCTOBER 


total 
The 

twee 
of th 
exist 
of th 
is sh 
elect 


mined 
= 60 
120 AMP. 
160 
50 
| 240 ° 
| 
a 
4 
| 
| 
| 
q 
= 
4 
= 50 
+4 
fie 30 D | o | and 
° 
24 28 H 
10 R 10 4 
pic! 
det 
ig 
4 


260 


e Arc 


Similar 


demand 
1Ximum 
unit of 
in this 


me has 
rection 


er that 
luctua 
nd the 
ily are 
use of 
ibility 
hysic 
which 
ver-al] 
as the 
of for 
befor 
pool 
CSeTICE 
fluxes 
all 
1€ arc 
elec 
within 
it is 


uificult distinguish which are the direct 
‘od whic are the indirect variables. A 
aydy of the variables which effect arc 
ability cannot be complete without ac- 
wal visual study of the arc itself. 

Direct visual observation of the arc is 
mited by the necessity of shielding the 
” es by protective filter glass from the in- 
vonse light and ultraviolet radiation from 
‘ye arc. An alternate method which has 


roved effective is to observe the enlarged 
mage of the are projected on a suitable 
vreen. Although the image is only in one 
imension, it can be watched directly 
-ithout the necessity of protective shields, 

nd is of sufficient size and clarity to pro- 
vide a fairly clear picture of the formation 
nd motion of the metal globules and 
heir passage through the arc. 

Measurement of Arc Length.—The length 

f the arc is easily measured by projecting 
the image of the arc on a calibrated screen 

t considerable magnification. A single 
plano-convex lens, 1.9 in. in diameter and 
).4 in. focal length, proved satisfactory for 
this purpose. A plane cover glass over the 
lens is necessary to protect the lens from 
the spatter of weld metal. The image is 
thrown on a large white screen about seven 
feet from the arc. The screen is ruled 
with '/,-in. lines and the arc length is 
estimated to one-half the distance be- 
tween these lines. With a magnification 
ratio of about eight to one, this means 
that the actual are length is estimated to 
about '/g of an inch. This measurement 
is probably accurate to the nearest '/32 of 
an inch. 

Owing to the brilliancy of the arc, 
sufficient light is available to obtain a 
sharp image and the arc length is easily ob- 
served even in a relatively undarkened 
room. The length of the arc is continu- 
ously changing due to the formation of 
globules of metal on the end of the elec- 
trode and subsequent deposition of the 
globules on the plate. With a little ex- 
perience, however, the average arc length 
can be estimated with considerable re- 
liability, and very consistent results have 
been obtained. For the arc length en- 
countered, the results should be correct to 
within about 20%. 

One limitation is inherent in the methods 
and should be borne in mind when the 
total length of the arc is being studied. 
The image of the arc is shown only be- 
tween the electrode and the surface level 
of the work. Any portion of the arc that 
exists within the crater below the surface 
of the work, or any portion of the arc that 
is shielded by a projecting coating on the 
electrode, is therefore hidden from view 
and lost from the projection. The per 
cent error from this cause becomes most 
appreciable for very short arcs. 

High-Speed Photography of the Welding 
Arc.—Owing to the extremely high speeds 
at which changes take place in the welding 
arc, complete details of the action cannot 
be observed without resort to motion 
pictures taken at a high camera speed. 
Pictures so obtained can be projected at 
such a rate that the action is slowed down 
toa point where it can be studied in great 
detail, There are two major problems 
associated with high-speed photography 
as applied to the welding arc. First, the 
light from the arc is so intense that many 
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Table 1—Data on Electrodes Employed in Investigation 


Typical Form Arc 
Electrode Size, of Current, Arce 
Class Make In. Metal Transfer Polarity Amp. Voltage 
E-6010 A 5/59 Drop Reverse 
E-6010 B 5/39 Drop Reverse 110-165 24-26 
E-6012 B 5 /s0 Drop Straight 120-180 21-25 
E-6020 B 5 ss Spray 150-220 27-33 


details are lost unless special photographic 
techniques are employed. Second, motion 
pictures to be most useful need to be syn- 
chronized with an oscillograph in order 
that the action may be correlated with 
fluctuations in arc current and voltage. 
These problems are being studied jointly 
through the cooperation of the Material 
Laboratory at the U. S. Naval Shipyard 
at Brooklyn and the Welding Laboratory 
at Rensselaer Polytechnic Institute. 

Some preliminary pictures have been 
taken at camera speeds up to 4000 frames 
per second using a 16-mm. Western Elec- 
tric Fastax camera. Both Kodachrome 
and infrared films have been used with 
various arrangements of lighting and 
filters. The synchronization of the camera 
with oscillograph has been based upon a 
1/,-watt argon lamp which is built into the 
camera housing for just that purpose. 
The lamp is energized by alternating cur- 
rent and, therefore, produces a flash of 
light each half cycle. The light from the 
lamp fogs the edge of the film producing a 
time scale. The current through the lamp 
is amplified and fed into an oscillograph 
galvanometer which records the same time 
scale on the oscillogram along with records 
of the arc current and voltage. 

While only a limited number of pictures 
have been taken in this investigation, con- 
siderable experience has been gained. The 
infrared pictures are especially interesting 
since they bring out images of the hot 
electrode, metal particles in transit, the 
molten pool in the base metal, and what is 
believed to be metallic vapor in the arc. 
More experience is needed, however, be- 
fore fully satisfactory pictures can be ob- 
tained. Further work in this field is an- 
ticipated in connection with the instru- 
mentation developed in the investigation. 


Materials, Equipment and Procedure 


The first application of the circuits and 
methods described above was in studying 
arc behavior in depositing simple beads on 
mild steel plates in the flat position using 
commercial electrodes of the types listed 
in Table 1. The plates were all 8x 3 x '/ 
in. in size with the exception of a few '/,- 
in. plates at the start. 

All beads were deposited by means of a 
Lincoln mechanical carbon arc welding 
head which had been converted to feed 
14-in. metal electrodes. The electrode 
feed mechanism of this head consists of a 
motor, a system of differential gears and 
electromagnetic brakes and a differential 
relay circuit by which the mechanism is 
controlled so as to maintain a constant arc 
length. The differential relay is activated 
by the difference between the voltage 
across the arc and a reference voltage 
which is adjustable. When the arc voltage 
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Recommended Ranges 


Straight 


equals the reference voltage, the relay 
maintains the brakes in a de-energized 
condition. Under this condition the elec- 
trode holder remains stationary. When 
the arc voltage exceeds the reference volt- 
age, the relay energizes one brake causing 
the electrode to be fed toward the work, 
shortening the arc. Likewise, when the 
are voltage falls below the reference volt- 
age, the relay energizes another brake 
causing the electrode to be retracted, 
lengthening the arc. The head was . 
operated at a travel speed of 6 in. per j 
minute for all the work covered by this . 
paper. 

Direct current for welding was supplied 
by a 72-v. bank of storage batteries. Arc ‘ 
stabilization and current control were ta 
achieved by means of a noninductive 
series resistor. The ground connection 
was duplicated as closely as possible from 
one test to another, with welding always 
being done away from ground. 

The instrumentation for the work 
covered by this paper is shown in Fig. 9. 
This figure shows the short circuit counter 
and two rms. deviation meters, one for 
current and one for voltage. The time 
constant of the short circuit counter was 
adjusted so as to count short circuits of 1 
millisec. or longer in duration. In the 
rms. deviation meters the time constant 
was adjusted so that arc current and volt- 
age were averaged over a period of '/,0 sec. 
In the latter meters the effects of excessive 
current and voltage fluctuations were 
minimized by the clipping circuit pre- 
viously mentioned. These circuits were 
supplemented by the usual indicating 
meters for reading the average values of 
are current and voltage. 

The general test procedure involved a 
number of steps. The reference voltage 
on the welding head was first adjusted to 
the value of the average arc voltage that 
was to be maintained. An arc was struck 
with a trial electrode to permit adjustment 
of the series resistor to give the desired 
value of average arc current. The trial 
electrode was replaced by the electrode to 
be investigated. An arc was struck and 
allowed to burn for approximately 5 sec. 
in order that it might become settled at a 


point of stable operation before taking any . 
measurements. All measurements and ob- q 
servations were made in the 45-sec. period - 


which followed, except in those cases 
where the deposition rate was sufficiently 
rapid to finish depositing the electrode in a 
shorter period. The short circuit counter 
was read at the beginning and end of the 
45-sec. period and the number of short 
circuits per second was calculated accord- j 
ingly. The rms. deviation meter was con- ; 
tinuously observed during the test and 
the average reading taken as typical of the 
test. The electrical measurements were ; 
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supplemented by measurements of arc 
length, spatter loss and penetration in 
order to obtain a more complete picture of 
arc behavior. The arc length was 
measured during the same period by the 
method described earlier in the paper. 
Spatter loss was determined as the dif- 
ference between the loss in weight by the 
electrode and the gain in weight by the 
plate during the test. The gain in weight 
by the plate was determined after all 
spatter and slag had been removed. 
Penetration of fusion in the plate was 
taken as the average of measurements 
from cross sections located at two typical 
points along the deposited bead. The 
specimens were etched in a hot HCI solu- 
tion in order to bring out the zone of fu- 
sidn. All the experimental data plotted 
in the figures accompanying this paper 
represent the average of values obtained 
from depositing two similar electrodes. 
A single exception was the measurement 
of penetration where the two measure- 
ments were made on just one bead. The 
general plan of the work called for investi- 
gation of the performance of each type of 
electrode over ranges of average arc cur- 
rent and voltage somewhat broader than 
those recommended by the manufacturer. 
The current was varied in 20-amp. steps 
and the voltage in 2-v. steps. 

The first experiments were run with 
E-6012 electrodes which had been stored 
in the laboratory atmosphere for some 
time. Difficulty was encountered in trying 
to duplicate results with a number of 
electrodes, all other conditions being held 
constant. It was thought that this might 
possibly be due to variation in moisture 
content of the coatings. Therefore, a 
number of electrodes were dried in an oven 
at 110°C. for 24hr. The results obtained 
with these electrodes were considerably 
more consistent as shown in Table 2. 

It is interesting to note that, while the 
effect of this treatment was not very evi- 
dent in the average of a number of short 
circuits and rms. deviation measurements, 
it did show up in the consistency of these 
measurements. This was the first evi- 
dence that these measuring circuits can 
differentiate between electrodes having 
rather subtle differences. Following this 
experience, work with the E-6012 elec- 
trodes was dropped in favor of the E-6010 
electrodes due to their greater industrial 
importance. As a result of this exper- 
ience, however, the procedure of storing 
the electrodes in an oven at 110° C. for 
24 hr. prior to testing was adopted as 
standard practice for the balance of the 
investigation. Other investigators have 
recently advised that some electrode coat- 
ings may be damaged by this treatment; 
therefore, the matter needs further in- 
vestigation. It is believed that in future 
work attention should be given to control 

of the humidity at which the electrodes 
are stored prior to test. 


Experimental Results 


For convenience the results of the first 
experimental work with the previously 
described equipment and procedures are 
discussed according to type of observation 
or measurement made. The observations 
of arc length, spatter loss and penetration 
are discussed first because they have some 
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Sults 
No. of Short Deviation Voltage Viatio, 
Electrode Electrodes Circuits from Av., Deviation, 
Condition Tested per Min. % Rms. 
Air exposed 7 Max. 390 50.5 3.0 as ence 
Av. 259 2.75 more efit 
Min. 160 38.2 2.4 7 
Oven dried* 11 Max. 270 14.9 2.8 , fig. 
Av. 235 2.7 
Min. 210 10.6 2.55 
* 24 hr. at 110° C. 0. 
w 
significance in the interpretation of the crater at the work nor within the pro; : ore 
short circuit and rms. deviation measure- tion of the electrode coating beyond ; . 
ments which follow. It should be re- end of the core wire. In other words ; z 0.10 
membered that the mechanics of the measured are length is somewhat shor. 2 
electric welding arc are a very controver- than the true arc length. Unfortunat: < 
sial subject. The interpretation of the no data are available to determine ; n 0.08 
present results is, of necessity, tentative depth of the crater or the projection ¢ : 
and incomplete until further data become tance of the coating. A second sourc ° 
available. error is introduced by the practical nec: 0.0€ 
sity of measuring the arc voltage betwe 
Arc Length : the work and the electrode holder, thy 
Previous investigations of low-current including the voltage drop along the ej 0.0: 
arcs have shown that for a constant arc trode itself. This voltage drop, which j 
length, the arc voltage decreases with an complicated function of electrode Jeng; 
increase in current, and that for constant ‘time the are has been burning and ma os 
are current, the are voltage increases with nitude of current, has been shown exper 
are length. This is illustrated by the mentally by others to amount to as mu 
classical Ayrton equation for low current as one or two volts. The true are volta, 
carbon arcs: poeta tree less than the measured .t 
. : voltage by the amount of the voltage dr 
Veat+bl+(c+dl/i along the electrode stub. For a giv 
where V = arc voltage, i = arc current, value of measured are voltage the tru 0. 
l = arc length, and a, db, c, and d are con- voltage will decrease with an increas: e 
stants of the electrode material. It can current. This tends to reduce the a: Z oy 
be seen that if a constant arc voltage is to length with an increase in current. Ge: 4 
be maintained, an increase in arc length eral conclusions relative to the variatio: r 
requires a compensating increase in arc of true are length with current are, ther 4 0. 
current. fore, difficult to make. However, it c 
Relatively little experimental work has believed that measured arc length is mor 2 
been done in investigating high-current important than true are length in the ir Fo. 
metallic arcs, such as the welding arc, due terpretation of data which follow. : 
to the difficulty of maintaining a constant ~ 
arc length. Some writers have indicated Spatter Loss 0. 
that within the limits of experimental It is believed that there are two factor 
error, the voltage drop across the welding which effect the magnitude of the spatter 
are is constant within the range of currents loss in the present work. One factor is ar 0 
encountered in welding.’)* Others have length, while the other is the degree « 
suggested that at the higher values of cur- violence of motion of molten metal eith: 
rent the arc voltage may actually increase as it is ejected from the end of the ek 
with an increase in are current.® This is trode or as it is agitated in the pool. Spa C 
equivalent to requiring a decrease in are ter loss at various values of current | 
length to maintain a constant are voltage plotted as a function of arc voltage in Fig 
with an increase in current. 16 for the E-6010-A electrodes. Thr ( 
The results of the present investigation curves in this figure indicate clearly that ‘ 
seem to substantiate the latter prediction. for any given value of current the spatter w 
Measured arc length is plotted as a func- loss varies directly with arc voltage or at S| 
tion of arc current in Figs. 10, 11 and 12 length. This is explained in terms of the z 
for various values of arc voltage. These angle subtended by the molten poo! wit! i 
figures clearly indicate that for any given the electrode tip as a vertex. For a long - 
value of arc voltage a decrease in measured arc, as in the case of the higher voltage: rat 
are length is accompanied by an increase this angle is small. The chance for pat « 
in are current. The same values of arc ticles being ejected from the end of th 4 
length are plotted as a function of arc electrode to strike the pool is, therefor 4 
voltage in Figs. 13, 14 and 15. The data smaller. As the angle increases, whic! a 
for Figs. 13 and 14 were obtained by test- means a decrease in arc length or ar 
ing electrodes of the same class, E-6010, voltage, the probability of drops of met« 
but of different manufacture, A and B. striking the pool becomes greater. Figur 
It is interesting to note that for any given 16 also indicates that for any given valu 
value-of arc current and voltage, a longer of arc voltage the spatter loss vari: 
are must be held with the E-6010-B elec- directly with the current magnitude. A! 
trode than with the E-6010-A electrode. this point the relationship of arc volt.gé 
In interpreting these results one must to are current and length, which wa: 
bear in mind the limitation due to the fact brought out in the previous section, mus! 
that the measured arc length does not be recalled. For any given value of ar 
include the extension of the arc into the voltage there is a compensating reduc!ior 
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neasured are length for an increase in length with increase in current in deter- E-6010-B electrodes. Figure 18 presents 
a ie rhis effect would tend to reduce mining the magnitude of the spatter loss. quite a different picture for the E-6020 
sults s spatter loss, yet Fig. 16 shows an in- In this case the two factors are opposed in electrodes This figure indicates that, for 
: ease in spatter loss with increase in cur- their effect on spatter loss and the degree any given value of current, the spatter loss 
Viator ‘ent, Thus is attributed to the fact that of violence of motion of molten metal is increases with increase in arc voltage and 
n Ay ret this kind of electrode the increase in more predominant than arc length. The arc length but that, for any given value of 
= tenet { motion of the molten metal is same general observations apply to Fig. are voltage, the spatter loss decreases with 
“4 nore efiective than the reduction in arc 17 which shows corresponding data for the an increase in current. This is just op- 
2.7 fig. 22 —Penetration as a Function of Average Arc Voltage for 
3.7 the E-6010-A Electrodes 


Fig. 25—Short Circuits Per Second as a Function of Average 
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posite to the behavior of the E-6010 elec- 
trodes in this respect. This is interpreted 
as meaning that in this case the reduction 
in are length due to increase in current is 
more predominant than the increase in 
violence of motion of molten metal in de- 
termining the spatter loss. This is likely 
since metal is transferred from the E-6020 
electrodes in the form of a spray of fine 
droplets and the violence of impact of the 
fine droplets in the molten pool is probably 
less than in the case of large drops from 
the E-6010 electrodes, thus contributing 
to a reduction in spatter loss. The same 
values of spatter loss are plotted as a func- 
tion of arc current in Figs. 19, 20 and 21. 
It is interesting to note that a distinct 
minimum exists in the curves in Fig. 20 
for the E-6010-B electrodes. There is no 
such minimum in the curves in Figs. 19 
and 21 for the E-6010-A and E-6020 elec- 
trodes. 


Penetration 


Penetration of fusion in the base metal 
is a function of many variables including 
are current, arc voltage, travel speed, raté 
of energy input, arc length and digging 
action of the arc. Penetration is plotted 
as a function of arc voltage in Figs. 22, 
23 and 24. Examination of the curves for 
the E-6010-A electrodes in Fig. 22 indi- 
cates that, for any given value of arc cur- 
rent, the penetration first decreases with 
an increase in arc voltage and then tends 
to increase with further increase in arc 
voltage. This may possibly be explained 
in terms of two opposing factors. An in- 
crease in arc voltage is accompanied by an 
increase in are length which provides a 
greater opportunity for dissipation of heat 


increase the depth of penetration. 


effective. 


trodes. 


four values of arc current represented. 


The curves for the E-6010-A electrodes 
in Fig. 22 show that, for any given value 
of arc voltage, the penetration increases 
This is to be 
expected since penetration is a direct 
function of the rate of energy input which 
is determined by the magnitude of the 
current when the arc voltage and travel 
There is an 
additional factor which comes into play 
here—namely, the reduction in arc length 
The effect 


with an increase in current. 


speed are held constant. 


with an increase in current. 
of this factor is to contribute toward the 
increase in penetration since with the 
shorter arc there is less opportunity for 
loss of heat and the heat is more concen- 
trated in space. Figure 23 indicates that 


the variation in penetration with arc cur- 
rent is considerably less for the E-6010- 
B electrodes than for the E-6010-A elec- 
trodes. 

Figure 24 shows that the penetration 
curves for the E-6020 electrodes are quite 
different from those for the E-6010 elec- 


from the are and probably lessens the force 
of the arc blast at the crater, both tending 
to reduce the depth of penetration. An 
increase in arc voltage is also accompanied 
by an increase in arc power which tends to 
The 
curves of Fig. 22 indicate that at low 
values of arc voltage the first factor pre- 
dominates, whereas at higher values of arc 
voltage the second factor becomes more 
Figure 23 indicates that the 
variation in penetration with arc voltage 
is considerably less for the E-6010-B 
electrodes than for the E-6010-A elec- 
There is a slight suggestion of a 
minimum in the curves for only two of the 


trodes. 


For any given value o 
rent, the penetration decrease. 
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crease in arc voltage over the entire yo; 


age range investigated. It 


in this case the increase in loss of 
possibly the reduction in force . 
blast at’ the crater with increa 


voltage are more effective 
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penetration. 
Short Circuits 


A count of the number of 


occurring per second was made with ¢} 
two makes of E-6010 electrodes and th. 


short cireujts 


results are plotted as a function of are cy; 


rent in Figs. 25 and 26. 


It is interesting 


to note the difference in slope betwee, 
the curves at the lower arc voltages fo, 


the two makes of electrode. 


The figures 


indicate that in the case of both makes of 
electrodes the number of short circuit; 
per second reaches a maximum at aboy: 
150 amp. and then falls off as the curren; 


increases. 


For any given value of cur. 


rent the number of short circuits jp. 
creases with a decrease in are voltage and 
length. This is to be expected becaus 
the shorter the arc length the greater wil} 
be the likelihood of molten drops of meta 
shorting the are while they are in passag: 
between the electrode and the work. 
The rise in number of short circuits with 
an increase in current below 150 amp. 
attributed to the fact that the melting 
and deposition rates are increasing and 
therefore, the number of molten drops oj 


metal in passage from the 
the work is increasing. 


electrode t 


The falling off i: 


number of short circuits with an increas 
in current above 150 amp. might possibly 
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Fig. 27—Root-Mean-Square 
Function of Average 
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Fig. 28—Root-Mean-Square Deviation in Arc Voltage as © 
Function of Average Arc Voltage for the E-6010-B Electrode: 
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Fig. 29—Root-Mean-Square Deviation in Arc Voltage as a 
Function of Average Arc Current for the E-6010-B Electrodes 


be explained in terms of changes in size of 
the molten drops of metal. As the cur- 
rent increases more heat is liberated in 
the arc, thereby raising the temperature 
of the molten metal at the electrode tip. 
Consequently the surface tension of the 
molten metal at the electrode tip is de- 
creased. The surface tension of the metal 
is the governing factor in determining the 
size to which the drops grow before be- 
coming detached from the electrode. The 
lower the surface tension the smaller will 
be the drops and, therefore, the less will 
be the chance of their shorting the arc. 
It has been shown previously that, for 
any given value of arc voltage, there is a 
decrease in arc length with an increase in 
current. It can be seen that there are 
two opposing factors associated with an 
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increase in current: a decrease in droplet 
size tending to reduce the number of short 
circuits and a decrease in arc length 
tending to increase the number of short 
circuits. It will be noted that the 25-v 
curve in Fig. 25 continues to rise with 
increase in current beyond 150 amp. It 
is suggested that in this case the decrease 
in arc length may be faster than the de- 
crease in drop size. 

Another explanation of the above 
phenomena might be based upon the effect 
of oxide on the surface tension of the mol- 
ten metal from which the drops form. 
With an increase in current there is an 
increase in melting rate or a faster forma- 
tion of drops of metal. There is less time 
for the surface of the metal to become 
oxidized and, therefore, the surface tension 


Fig. 30—Root-Mean- 
Function of Average 
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of the metal may be maintained at a low 
value which is favorable for the formation 
of small size drops. It is conceivable 
that both mechanisms are at work simul- 
taneously. 

Data on short circuits for the E-6020 
electrodes are omitted because no short 
circuits were counted. This was to be 
expected since the transfer of molten 
metal from these electrodes takes place 
in the form of a spray of fine droplets. 


Rms. Deviation in Arc Voltage 


Measurements of the rms. deviation in 
are voltage were made with the two makes 
of E-6010 electrode and the results are 
plotted as a function of average arc volt- 
age in Figs. 27 and 28. The curves for 
both makes of electrode exhibited the same 
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Fig. 31—Root-Mean-Square Deviation in Arc Current as a 
Function of Average Arc Current for the E-6010-B Electrodes 
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general shape: a hyperbolic decrease in 
rms. deviation with an increase in average 
arc voltage. This trend may be partially 
explained in terms of arc length and short 
circuits. As the are voltage increases the 
are length increases tending to reduce the 
number of short circuits. Since severe 
voltage fluctuations accompany short 
circuits, one might expect the rms. devia- 
tion in arc voltage to decrease with a de- 
crease in number of short circuits. The 
effect of arc current on the rms. deviation 
in are voltage is not very clear in Figs. 
27 and 28. The rms. deviation data of 
Fig. 28 are replotted in Fig. 29 as a func- 
tion of arc current. It will be noted that 
at the lower values of current the rms. 
voltage deviation increases with current 
to a point in the vicinity of 140 to 160 
amp. and then starts to decrease with 
further increase in current. The general 
shape of the curves in this figure are very 
similar to those in Fig. 26 showing the 
number of short circuits per second as a 
function of arc current for the same elec- 
trodes. This, again, indicates that the 
occurrence of short circuits was a big factor * 
in determining the magnitude of the rms. 
deviation in arc voltage in the case of the 
E-6010 electrodes. The same _ effects 
were observed in the work with the 
E-6010-A electrodes but the evidence was 
not quite as clear. 

Figure 30 presents quite a different pic- 
ture for the E-6020 electrodes. At the 
shorter arc lengths, that is, at arc voltages 
of the order of 24 to 26, the rms. deviation 
in are voltage decreased somewhat as the 
arc. length increased. This cannot be 
explained in terms of short circuits be- 
cause no short circuits occurred in the 
work with these particular electrodes. 
At longer are lengths there was not much 
variation in the rms. voltage deviation 
with arc voltage. Figure 30 indicates 
clearly that, for any given arc voltage, the 
rms. voltage deviation decreases with in- 
crease in current. Since this relationship, 
also, cannot be explained in terms of 
short circuits, it is possible that increase in 
ionization with increase in current may be 
an important factor in determining this 
relationship for the E-6020 electrodes. It 
is interesting to note the radical difference 
between the curves for the E-6010 and the 
E-6020 electrodes yet the general order of 
magnitude of rms. voltage deviation was 
essentially the same for both classes of 
electrodes. 


Rms. Deviation in Arc Current 


Measurements of the rms. deviation in 
are current are plotted as a function of 
average arc current in Fig. 31 for the E- 
6010-B electrodes. It will be noted that 
all of the curves but one have a maximum 
point at an arc current of the order of 180 
amp. This agrees fairly closely with the 
value of current at which the number of 
short circuits per second reached a maxi- 
mum (Fig. 26). Furthermore, for any 
given value of arc current, the rms. devia- 
tion in arc current increases with an in- 
crease in arc voltage and length. This in- 
dicates that short circuits play a big part 
in determining the shape of the rms. devia- 
tion curves for arc current in Fig. 31. No 
measurements of rms. deviation in current 
were made for the E-6010-A electrodes. 
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Fig. 33—Schematic of Instrumentation 
Showing Improvements for Continuation of 
Project 


Root-mean-square deviation in arc current 
is plotted as a function of average arc cur- 
rent in Fig. 32 for the E-6020 electrodes. 
With these electrodes the individual val- 
ues of rms. deviation lie within a relatively 
narrow band over the entire range of cur- 
rent investigated. All of the curves pass 
through a minimum point at a value of arc 
current of the order of 200 amp. The ef- 
fect of arc voltage on the rms. deviation in 
are current is not clear in Fig. 32. 


Conclusions 


Instrumentation has been developed for 
counting short circuits in the welding arc 
and for quantitatively evaluating fluctua- 
tions in arc current and voltage. This in- 
strumentation has been applied in study- 
ing a number of different types of elec- 
trodes over a wide range of arc current and 
voltage. The study indicates that the ap- 
paratus is capable of differentiating be- 
tween the different types of electrodes in- 
vestigated. Some definite relationships 
can be observed between the occurrence of 
short circuits, fluctuations in arc current 
and voltage and such basic variables as 
average arc current and voltage. More 
data is necessary before the full signifi- 
cance of the instrumentation can be evalu- 
ated. 

The work covered by this paper has been 
a preliminary phase of a larger program 
which is already under way. A number of 
improvements have been made in the in- 
strumentation for the advanced program, 
as indicated in Fig. 33. Originally all the 
measuring circuits were terminated in me- 
ters of the indicating type. The investiga- 
tors had to observe the average reading of 
each meter during a test, which left a lot to 
the individual judgment of each investi- 
gator. Furthermore, it became desirable 
to take readings at several intervals during 
the deposition of an electrode. It was de- 
cided that, as far as was practical, the elec- 
trical measurements should be made with 
direct recording instruments. Both of the 
rms. deviation meters are now terminated 
in recording instruments and recording 
instruments have been provided for meas- 
uring the average values of arc current 
and voltage. Originally the measurement 

of the rms. deviation in arc current was 
limited to circuits employing a constant 
voltage source of current and a stabilizing 
resistor because the rms. deviation meter 


required an input voltage of the 


rder of 
the voltage drop across the resist. for its 
operation. A d.-c. amplifier has |ycen jy 
troduced into the input circuit of |). rms 


current deviation meter in order that i 
may be used across a low resistan: shunt 
in series with the are. This means tha 
measurements can now be made y 
d.-c. source of welding current 
distinct improvement over the origina) 
equipment. A circuit for measuring per 
cent short circuit time has also bee udded 
to the original equipment. This equip 
ment will be supplemented by an oscillo 
graph and a high-speed motion pictys, 
camera for some work. The new equip 
ment and its applications will be described 
in a future paper. 

The research program which has already 
been started with the instrumentatioy 
shown in Fig. 33, calls in part for a com. 
parison of the following types of electrodes 


ng any 
I nis is a 


1. Commercial electrodes. 

(a) Comparison of different classes 
of electrodes of the same 
manufacture. 

(6) Comparison of different makes 
of electrodes of the same 
class 

(c) Comparison of normal and ab- 
normal electrodes of a given 
class and manufacture. 

2. Special electrodes. 

(a) Comparison of electrodes hav- 
ing the same coating but 
with different core wires. 

(6) Comparison of electrodes havy- 
ing the same core wire but 
with different coatings. 


By normal and abnormal electrodes in 
(1 (c) ) is meant electrodes which were in- 
tended to be identical with respect to per 
formance but which are judged to be nor- 
mal and abnormal, respectively, by a com- 
petent operator. Use of the equipment is 
also contemplated for comparing different 
sources of current and for studying the ef- 
fects of various circuit characteristics such 
as inductance, open circuit voltage and 
speed of recovery from short circuits upon 
the behavior of the arc. 
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Thermal Resistance of Metal Contacts 


By W. B. Kouwenhovent and J. H. Pottert 


This paper reports on work done at The Johns Hopkins University on the thermal resistance of a 


steel-to-steel joint. 


The effects of pressure, temperature and surface roughness were explored. 


By using an artificial roughness of fixed geometric pattern, an approximate method was developed 
to estimate the effect of area increase under load. Specimens varying in roughness from 3 to 
4150 micro-in. were used. The thermal resistance results are reported at two temperature levels 
for pressures ranging from 195 to 2955 psi. The thermal resistance decreases exponentially for 
rough specimens. The rate of decrease becomes less until at 3 micro-in. the resistance is practically 


independent of pressure. 


Tests were also made at constant pressures and varying temperatures. 
These indicate that temperature level has only a small effect on thermal resistance. 


Tests at high 


temperatures were made in an Argon atmosphere to minimize corrosion. 


Introduction 


UMEROUS situations arise in en- 

gineering practice in which it is im- 
portant to know the thermal resistance at 
the junction of two clean, dry metal sur- 
faces and also how this thermal resistance 
is affeeted by the condition of the surface, 
the applied pressure and the temperature. 
The effect of these variables was explored 
for low-carbon steel under steady state 
thermal conditions. The temperature 
and pressure were varied over a consider- 
able range of values. The effect of rough- 
ness was studied by matching each rough 
surface against a ‘“‘smooth’’ surface which 
served as a standard, In all thermal 
measurements the problem of eliminating 
or minimizing heat loss'~* is an important 
one. In the experiments described the 
radial heat loss was reduced to a very low 
value by the use of a thick layer of di- 
atomaceous earth placed about the speci- 
mens, 

The problem of heat flow is illustrated in 
Fig. 1. Fig. 1 (A) shows a cylinder held 
between a heat source and a heat sink. If 
the radial heat loss may be neglected, then 
thermocouples located along the bar will 
give a temperature-distance relationship 
as shown in the sketch, and the tempera- 
ture gradient will be constant. 

The lower drawing, Fig. 1 (B), shows 
what might be expected if the same well- 
insulated bar were cut in half.’ The gradi- 
ent would remain constant in the im- 
mediate vicinity of the joint, and there 
would be a discontinuity in the tempera- 
ture-distance plot. The extent of this dis- 
continuity is a measure of the thermal re- 
sistance of the joint. 


_ *Scheduled for Twenty-Ninth Annual Meet- 
_— Philadelphia, Pa., week of Oct. 24, 
948. 

t Dean and Professor of Electrical Engineering 
The Johns Hopkins University, Baltimore, Md. 

_ 2 Assistant Professor of Mechanical Engineer- 
ing, The Johns Hopkins University. 
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Research Council for the carrying on of this 
work. They also wish to acknowledge the 
cooperation and assistance of the Bethlehem 
Steel Co., the Chrysler Corp., the Koppers Co., 
and the Dearborn Chemical Co. 


Nomenclature and Theory 
The following nomenclature will be used: 


T = temperature, ° F. Subscripts 
locate the temperature with 
reference to the source end of 
the system 
t;, tg = temperature, F., found by 
extrapolation from the source 
and sink ends, respectively, 
toward the joint and consid- 
ered to be acting at the joint 
AT =t — kh, the temperature drop 
° F., at the interface 
T, = temperature ‘“‘level,”’ the theo- 
retical mean temperature of 
the interface = 1/2(t; + t) 

thermal conductivity of the bar 
material, B.t.u./hr. X ft.2 
°F. /ft. 

X = distance in feet measured along 
the axis of the cylinder 

A ©=cross-sectional area of bar in 
square feet 

S = “pressure’—the axial load in 
pounds divided by the cross- 
sectional area, psi. 

Q- = heat flowing, Btu./hr. 

he = conductance computed at the 


|: Btu. /hr. 


A(AT) 

r = thermal resistance of the joint = 
1/he, hr. X ft.2 X ° F./Btu. 

rms. = “‘root mean square,” the com- 
mercially accepted measure of 
surface roughness. See refer- 
ence 7. 

# micro-in.,1 X 10~* in. 


interface, 


Fourier‘ showed that for a perfectly 
insulated prismatic bar held between a 
source and sink, the heat flux is given by: 


For two cylinders butted together the 
same heat flux must exist on each side of 
the interface. The temperature drop at 
the joint and the over-all conductance may 
therefore be substituted in Equation 1. 


dt 
he(AT)A = KA (2) 
whence the thermal resistance 


pai _ a) 


he . (dt 
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Fig. 1 


Bridgman® has shown that even at very 
high pressures the thermal conductivity of 
the solid metal is a function of the tem 
perature and chemical composition 
Hence, for a given metal for which K = 


f(t) is known, Equation 3 reduces to an 


accurate determination of temperature 
and of thermocouple location. Mc- 
Adams® warns that impurities may be the 
dominant factor affecting the thermal 
conductivity of a solid. For this reason, 
all of the specimens were taken from the 
same rod. 


Specimens 


The specimens were all cut from one rod 
of steel having the chemical analysis:* 
Carbon, 0.22%; Manganese, 0.45%; 
Silicon, 0.08%; Sulphur, 0.035% and 
Phosphorous, 0.008%. 

The specimens were rough machined 
from short lengths of this steel which had 
been fully annealed from 1575° F. Sub- 
sequently, they were cut to 17/s in. lengths 
and centerless ground to a diameter of 
0.746 in. 


* Furnished by the Sparrows Point Division of 
the Bethlehem Steel Co. 
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Fig. 2—Blank Cylinder and Shrink Ring 
with Electric Heater 


Fig. 3—Hydrolap Specimen and Shrink 
Ring Held in Collet Preparatory to Ruling 


All of the “smooth” specimens were 
superfinished to an rms.’ roughness of 3 
micro-in. and were measured by Pro- 
filometer. Random finished specimens 
were also furnished in 8- and 16-micro-in. 
rms. 

For roughness in excess of 16-micro-in., 
the specimens were protected by shrink 
rings before finishing. Figure 2 shows a 
blank cylinder and a mild steel ring stand- 
ing beside a nichrome strip heater. 
Another shrink ring is seen in the heater. 
A specimen with the ring shrunk in place 
is shown in Fig. 3. It is held in a special 
finishing collet designed for this purpose. 
The table formed by the shrink ring and 
specimen was ground and then hydro- 
lapped to a roughness of 3.5-micro-in. 
rms.* All of these specimens were coated 
with a rust preventivef as soon as finished 
and were packed in ordnance grade grease- 
proof wrappers, 

To achieve reproducible roughness in 
the ‘‘rough”’ specimens presented a major 
problem. Using the shrink ring assemblies 
referred to above, a medium range of 
roughness was obtained by ruling in a 
grating engine, and an extreme roughness 
range was made by milling. 

In the medium roughness range, the 
specimens were ruled with a diamond 


*The Koppers Co., American Hammered 
Piston Ring Division, hydrolapped and measured 
the specimens which were later ruled for the 
coarse roughness tests. 

t+ Furnished by the Dearborn Chemical Co. 

+The Chrysler Corp. superfinished and 
measured the 3-, 8-, and 16-micro-in. specimens 
and also measured the surface roughness of the 
specimens ruled in the Roland grating engine. 
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Fig. 5—Test Apparatus Showing Loading Device, Heater, and Control Equipment 


point. Figure 4 shows the Rowland grat- 
ing engine with a specimen and its shrink 
ring in place just under the diamond. The 
four types of roughness produced in this 
manner differed from the 8- and 16-micro- 
in. specimens produced by the Chrysler 
Corp. in that the latter had a random 
roughness whereas the ruled surfaces had 
straight parallel grooves with a definite 
peak-and-valley pattern. 

The coarser specimens, in the range ex- 
ceeding 50 micro-in., were cut in a milling 
machine with a high-speed, 90° “V”’ 
cutter. This range extended to 3320 
micro-in., which has a peak to peak dis- 
tance of 0.020 in. This represents the 
upper limit of ‘‘roughness’’ or the lower 
limit of ‘“‘waviness.’"* Some additional 
specimens were ruled to 4150 rms. 


Apparatus 


The over-all installation is shown in 
Fig. 5. The axial loading of the specimens 
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is effected by a simple lever, and is trans 
mitted through knife edges to a vertical 
yoke. To provide lateral flexibility during 
alignment, a ball-bearing joint is used be 
tween the yoke and an irsulated platten, 
the lower end of which carries the electric 
furnace. 

A radiant type heatér was used, made 
up of a heavy cylinder of stainless stee! 
surrounded with nichrome coils. The 
lower end of the heater block terminated 
in a cylindrical table */;, in. thick having 
the same diameter as the specimens. 

Referring again to Fig. 5, note the ga! 
vanized iron section just below the heate: 

, This provided a container 9 in. in diametc: 
which held the powdered diatomaceou 
earth used to prevent radial heat loss 

Below this there is a mild steel cylind:: 
wrapped with copper cooling coils, whic 
constituted the heat sink. 

Mercury thermometers were used 
measure the inlet and outlet temperatur: 


OCTOBER 


The t' 
ibove 
couples 
ylinder 
thermoc 
drilled i 
fitted st 

Copp 
used 7 
of 0.03! 
to whic 
An imsu 
throug! 
silver S 
were tl 
of 5-m 
tubing 
ifforde 
therm< 
mercul 


measu 
juncti 

Eac 
igains 
cury a 


In 
speci 
The 
rougl 
used 
time 
were 
that 
speci 
desig 
Ju 
Was | 
an h 
in 
cylit 
solv 
prey 
was 
hole 
whi 
res] 
dep 
fine 
eac 


the 


ea ‘ik ee Nie Fig. 4—Rowland Grating Engine, Showing Lapped Table in Place Under the Ruling 
Head 
\ 
bly 
pri 
bl 
. 
co 
th 
ci 
‘ ta 
= he 
uy 
ag 
Beare bid 1! 
. 


ag 


f the cooling water. The cooling water 
yas supplied from the thermostatted tank 
i the | ft, whose temperature was held at 
ay? F. + 0.5° F. 


Thermocouples 


The temperature gradient was measured 
bove and below the joint. Two thermo- 
couples 0.25 in. apart were used in each 
ylinders. Recognizing the importance of 
thermocouple location, each specimen was 
drilled in a special fixture and the couples 
fitted snugly in these holes. 

Copper-constantan thermocouples were 
ysed. These were made from short lengths 
of 0.032-in. O.D. seamless copper tubing, 
to which a copper lead wire was welded. 
Aninsulated constantan wire was threaded 
through the tube and either welded or 
silver soldered at the tip. The two wires 
were then drawn through a short length 
of 5mm. glass tubing, and sealed in the 
tubing with cement. This precaution 
ifforded mechanical protection for the 
thermocouples. A selector switch of the 
mercury cup type was used, and all 
measurements were made with an ice 
junction. 

Each thermocouple calibrated 
igainst the boiling points of water, mer- 
cury and sulphur. 


Test Method 


In all of the tests a smooth, 3-micro-in. 
specimen was used as the upper specimen. 
The lower specimens were of varying 
roughness. In each run newspecimenswere 
used and no specimen was used a second 
time. The thermal resistances measured 
were therefore the resistance to heat flow 
that existed between a new ‘“‘smooth”’ 
specimen and another new specimen of the 
designated roughness. 

Just prior to a test a “‘rough’’ specimen 
was chosen and the shrink ring removed in 
an hydraulic press. A matching 3-micro 
iu. specimen was selected, and both 
cylinders carefully washed twice with a 
solvent to remove all traces of the rust 
preventive coating. A No. 66 twist drill 
was used for making the thermocouple 
holes. Drilling was done in a special jig 
which located the holes at '/, and */s in., 
respectively, with reference to the test 
surface. These holes were drilled to a 
depth of 0.158 in. A small quantity of 
finely divided copper powder was placed in 
each thermocouple hole to ensure good 
thermal contact. 

The two cylinders were clamped to a 
“V” block and placed in position for test 
Copper gaskets 0.021 in. thick were used 
it both source and sink ends of the assem 
bly. After careful alignment the initial 
pressure of 195 psi. was applied. The “V"’ 
blocks were then removed and the thermo- 
couples were installed. The insulation was 
then applied, and the heater and cooler 
circuits started. Initial readings were 
taken after about 3 hr Increments of 
heat and pressure were added depending 
upon the type of test. 


Tests 


Three types of thermal tests were made 
in which the roughness, the temperature 
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and the loading were varied as described 
below. In addition, structural tests were 
run for specimens of varying roughness in 
order to determine if possible a measure of 
the contact area. 


I—Low- Temperature Level Tests 


Low-energy input runs were made in 
which the effect on thermal resistance of 
load variation was studied for specimens 
of varying degrees of roughness. The tem- 
perature level at the junction in these tests 
was less than 200° F. 


II—High-Temperature Level Test in Air 


Long-term thermal tests were made 
starting with minimum energy input and 
minimum load. The electrical input was 
increased in several steps and then the 
pressure raised and a new set of tempera- 
ture conditions run. Tests of this sort 
took from 19 to 50 hr. and had the dis- 
advantage of progressive corrosion of the 
interface. 


ITI—High-Temperature Level Test in Argon 


Long-term thermal tests in which a 
small quantity of Argon was fed into the 
diatomaceous earth immediately around 
the specimens were made. Only a faint 
discoloration of the matching surfaces was 
detected in these runs, and it is felt that 
the interface corrosion was held to a 
minimum, while the effect of temperature 
level was explored. 


1 V—Structural Study 


A series of structural or contact area 
tests were made as an aid to the interpreta- 
tion of the results of the low-energy runs, 
and as a measure of the increase in the area 
of the specimen faces in contact as the load 
was raised. These tests were made at 
room temperature. 

As a preliminary operation the align- 
ment of the test apparatus was rechecked 
with light-leak and feeler gage methods. 
An additional alignment check was made 
by placing in the apparatus a dummy bar 
on which were mounted two SR-4 type A 
gages, 180° apart circumferentially. <A 
120-ohm compensating gage was mounted 
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on a mild steel block to represent the un- 
stressed condition of the test gages. 
Gages and instruments were left over- 
night to assure full equilibrium. When 
the loads were applied, the deformation 
measured by the gages indicated uniform 
axial loading within the limits of this 
method. 

The lower specimens used were of the 
ruled type and the surfaces of these speci- 
mens consisted of a series of parallel 
ridges (like a plowed field). It was as- 
sumed that the surface consisted of a series 
of isosceles trapezoids each having a width 
at the top of y. This width is a measure of 
the initial contact area. As load is ap- 
plied, the trapezoids crush, bringing the 
cylinders closer together by an amount 6. 
If the deflections are very small, and the 
metal is displaced symmetrically, it can be 
shown* that the new area of contact is: 

W=7+%B+2V 75+ 


(See sketch, Fig. 12) (4) 


*See Appendix for derivation of Equation 4. 


-) 


As W is a measure of the are 
tact, 1/W becomes a measure of 


he y 
sistance to heat flow. 

A series of rough specimens wer 
contact with 3 micro-in. smooth |). 
Values of 6 were found from fi jggey 
berger tensometer measurement. 
rected for the elastic deformation of th, 


solid steel cylinders. 


Results 


The results of the tests are as fol! 


I—Low-Temperature Level Tests 


By running with a low heater input, j; 
was possible to keep the temperature leye| 
at the junction at a value between 17() and 
197° F. At this low temperature th, 
surfaces of the specimens did not exhjbj 
any signs of oxidation for they were 
bright and clean after arun. Under they 
low temperature conditions the effects oj 
pressure and roughness were studied Thy 
variation of the thermal resistance with 
pressure over a wide range of roughness js 
plotted in Figs. 6 and 7. All of the speci 
mens were of the ruled type with the excep 
tion of the smooth 3 micro-in. ones 

Figure 6 presents the data for specimens 
of extreme roughness. There is a decreas: 
in thermal resistance as the pressure is i 
creased. The decrease is generally e 
ponential and is greatest for the roughest 
specimens. 


In the more practical or commerci:! 
roughness region, the decrease in therma! 


resistance also tends toward an expone: 
tial pattern, This is shown in Fig. 7. Iti 
interesting to note that the 3-micro-in 


specimens offered a resistance that was 
substantially constant over the range of 


load studied. This value of thermal r 
sistance is equivalent to approximately 
in. of solid bar. 


The fact that the thermal resistance of 
the 32-micro-in. specimens fell below that 
for 3 micro-in. may be partly explained by 


the fact that the former was ruled whik 
the latter had a random finish that wa 


essentially flat. Structural tests madi 
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with 
M ai ition (crushing) of the ruled speci- 
a mens .t the joint as the load was increased. 
No isurable deformation was found 
when the upper and lower specimens 
t the had 3-micro-in. random finish. It is 


possi therefore that for the ruled speci- 
mens there was a greater area of metallic 
contact under load than for the random 


finished specimens. 


[J—High-Temperature Level Tests in Air 


In order to determine what effect tem- 
it. it perature level has on thermal resistance, a 


level relatively high watt input was supplied to 

ind the heater. The results of a series of tests 

th at 1575 psi. and temperatures ranging from 
hibit 350 to 700° F. in air are shown in Fig. 8 for 
were specimens of varying degrees of roughness. 
thes¢ No conclusions can be drawn from these 
ts of data. For example, the 16- and 3320- 
Che micro-in, specimens show an increase in 
with resistance as the temperature level is 
SS is raised while the other two roughnesses 
peci tested show a decrease. The surfaces of 
cep these specimens were found to be heavily 


oxidized at the completion of a ‘run. 
ns Therefore, this method of testing in air at 
Case high temperature was abandoned, and the 
Sin later tests were made in an atmosphere of 
Argon 


[]I—High-Temperature Level 


Argon 


Tests in 


mal In order to eliminate corrosion, a series 
ne? of high-temperature were run in 
It j which an atmosphere of Argon was main- 
In tained about the specimens. A_ glass 
Was tubular ring containing orifices was in- 
of serted above the joint, and a copious 

re supply of Argon was maintained at the 
joint during the run. When the contact 

surfaces of the specimens were inspected 


tests 


ol ifter a run, they were found to be clean 
hat and only slightly discolored. 

by The results of these tests in an atmos- 
hile phere of Argon are reported in Figs. 9, 10 
Vas and 11. The variation of thermal re- 
ac sistance with load is given in Fig. 9 for 


specimens of different roughness. Figure 
|) shows the effect of temperature level on 
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the thermal resistance at 195 psi. and Fig. ured in air at low temperature. The 


ll at 1575 psi. All of the rough specimens 
used were of the ruled type. 

A study of Fig. 9 shows a similar ex- 
ponential decrease in thermal resistance 
with pressure to that found at low tem- 
peratures; compare Figs.6 and 7. The 3 
micro-in. specimens showed a slight fall in 
resistance as the load was raised when 
Argon was present. 
ever, is slight. 

At low pressure, Fig. 10, there is 
evidence of a fall in thermal resistance as 
the temperature of the joint increases. At 
a load of 1575 psi. the thermal resistance 
appears to be practically independent of 
temperature level. If the results for the 
55-micro-in. specimens are discounted, it 
is clear that temperature level has little 
effect on the thermal resistance offered by 
the junction. 

It is of particular interest to note that 
the thermal resistances measured in an 
Argon atmosphere at high temperature 
were appreciably lower than those meas 


This decrease, how- 
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CONTACT RESISTANCE 


authors have no satisfactory explanation 
for this phenomenon It is especially 
difficult to explain in view of the fact that 
the thermal conductivity of Argon at 
600° F. is only 4'/,°% higher than that for 


air at 190° F. 


I V—Structural or Contact Area Test 


A series of tests were run at room tem 
perature on ruled specimens of different 
roughness in which strain gages were used 
to measure the deformation at the joint 
It was assumed that each trapezoidal ridge 
formed a line contact for its entire length 
against the 3-micro-in. specimen The 
width, +, of this line contact was measured 
by both comparator and micrometer 
microscope. It was assumed that at 195 
psi. the contact area of each ridge equaled 
+ times the length of the ridge 

The specimens were then placed in the 
apparatus, the strain gages attached and 
the deflection under load measured. Each 
deflection reading was corrected for the 
elastic deformation of the bar 

Values of the reciprocal area index 
(1/W) were computed from Equation 4 
using the corrected deflection data. Tak 
ing (1/W) at 195 psi. as unity, the re 
ciprocal area ratios, R,, are shown plotted 
in Fig. 12. 

It is interesting to note that the in 
fluence of pressure increased with rough 
All of the specimens used in this test 
had been measured by Profilometer after 
ruling. 

To verify the significance of time in 
these measurements, one of the rough 


ness. 


specimens was brought to full load and 
left untouched overnight. In the morning 
the gage readings remained the same. 
This indicated that the plastic part of the 
deformation takes place rapidly and that 
time is not a factor in this type of measure- 
ment at the pressures used 

Taking the thermal resistance at 195 
psi. as unity, the thermal resistance ratios, 
R,, were computed for a number of the 
low-energy runs 
area and thermal resistance ratios have 
been plotted against pressure. It is in 
teresting to note that they follow a similar 


In Fig. 13 the reciprocal 
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trend, both decreasing as pressure in- 
creases. This comparison suggests that 
the prime factor affecting thermal re- 
sistance is in the increase of metallic con- 
tact, recognizing that the contact area 
analysis is undoubtedly an oversimplifica- 
tion of a most complex problem. Also, 
little is known of the heat conductance of 
gas films of the order of one mil or less in 
thickness. These two paths are in 
parallel. It should be noted that the 
check is excellent at 3 micro-in. In all of 
the other cases the thermal resistance ratio 
falls more rapidly than the reciprocal of 
the contact area ratio. 

Some calculations were made, based 
upon the reciprocal area plots, in which the 
thermal resistance across the junction was 
considered to take place in parallel paths, 
one through contacting metal and the 
other through air. These results gave 
thermal resistances greater than those 
found by the tests. This would appear to 
indicate that more heat is transferred 
through the nonmetallic path than is 
accounted for by assuming that path to be 
air. 


Discussion 

The mechanism of heat flow across a 
loaded interface is only imperfectly un- 
defstood. Jacobs" found that as the pres- 
sure was raised, the thermal resistance fell 
off either linearly or exponentially depend- 
ing on the material. His work was done 
with optical flats in the cryogenic tem- 
perature ranges. Weills and Ryder'! sub- 
stantiated these findings over a_ wide 
range of materials. Brunot and Buck- 
land'*? working with ruled and lami- 
nated specimens tended to the ex- 
ponential theory although the pressure 
ranges were limited to 300 psi. The re- 
sults reported herein substantiate the ex- 
ponential theory except for smooth speci- 
inens whose thermal resistance is appar- 
ently independent of pressure. 


Conclusions 


Based upon the steel-to-steel studies 
embraced in this investigation, it is possi- 
ble to conclude that at an interface: 


§20-s 


1. Thermal resistance decreases with 
pressure in a manner which is essentially 
exponential. The rate of decrease is 
greater for rougher surfaces. For very 
smooth specimens the thermal resistance is 
practically independent of pressure. 

2. The inconsistencies and insufficiency 
of the data make it impossible to predict 
absolute values of thermal resistance for 
given roughness and pressures. It is 
probable that for heat flow measurements 
the rms. system of designating roughness 
is inadequate. 

3. At constant pressure and in the 
absence of corrosion, thermal resistance is 
substantially constant as temperature 
level is increased. 

4. There is need for more accurate 
knowledge of the actual surface areas in 
contact, as this remains one of the greatest 
unknown factors in the problem. 


Appendix 


In the absence of a more rigorous 
analysis, the following approximate 
method was tried. The cross section of an 


unstressed tooth is shown at th: 
Fig. 12. It is assumed that the to», of the 
tooth is flat, having a width of cor; 
It is further assumed that under |i.ad th, 


specimens move closer together 


an 
amount 6. The metal at the top of th, 
tooth is then displaced by a combinatioy 
of plastic and elastic flow, and this meta 


divides symmetrically about the tooth to 
width 8. The new area of contact, for 
length taken normal to the paper, is | 
found from: 


+ 6? = 
and 
W = y+ 264+ 28 = y+ 26+ 


This approach is valid only for small values 
of 6 and for roughness profiles which ar 
isosceles trapezoids with 45° sides 
The rough specimens were examined by 
both Comparators and micrometer micro 
scopes. Peak-to-valley distances wer 
established in this manner, and th 
original contact flats, 7, were found to vary 
from 0.0005 to 0.001 in. 


References 


1. Northrup, E. F., ‘Some Aspects of Heat 
Flow,”’ Trans. Electrochem. Soc., XXIV, 85 (Sept 
1913). 

2. Taylor, T.S., “The Thermal Conductivity 
of Insulating and Other Materials,’’ Trans. Am 
Soc. Mech. Engrs., 605 (1919). 

Van Dusen, M. S., ‘“‘A Simple Apparatu 
for Comparing the Thermal Conductivity 
Metals and Very Thin Specimens of Poor Con 
ductors,"’ Jrl. Optical Soc. Am., VI 739 (1922 

4. Fourier, J. B., Theorie Analytique de la 
Chaleur, Fourier, Koebner, Breslau 1883, ed 
p. 46, et seq. (1883) 

5. Bridgman, P. W., ‘‘The Effect of Pressur 
on the Therma! Conductivity of Metals,” P 
Am. Acad. Arts Sci., 57, 108 (1921-22) 

6. McAdams, W. H., Heat Transmission, 2nd 
ed., McGraw-Hill, New York. 

7. “Classification and Design of Surface 
Qualities” A.S.A. Standard B-46 

8. ‘Surface Roughness, Waviness, and Lay 
A.S.A. B46.1-1947 

9. Keenan and Keyes, Thermodynam: 
Properties of Steam, John Wiley & Sons, New 
York, p. 78 (1936) 

10. Jacobs and Starr, ‘“Thermal Conductance 
of Metallic Contacts,’’ Rev. Sci. Instruments, 10, 
140-141 (1939). 

1] Weills and Ryder, ‘‘Thermal Resistance 
Measurements of Joints Found Between Sta 
tionary Metal Surfaces,”” A.S.M.E. 48-SA 43 

12. Brunot and Buckland, ‘““Thermal Contact 
Resistance of Laminated and Machined Joint: 
A.S.M.E. 48-SA 


13. Tampico, J., ‘“‘“Measurement of Contac 


Resistance,’’ Diss. Johns Hopkins University, pp 
57 and 59 (1941). 


ak 0.0005 RESISTANCE RATIOS 


T, RANGE 


0.2 


4 
= o7+ 0.0008" | 
— 
Ry» 
ost | 4150 
a 
oO 
WwW 


R, | 


.e) 400 800 1200 1600 2000 2400 2800 3200 
PRESSURE, PS.I. 
Fig. 13 


WELDING RESEARCH SUPPLEMENT 


OCTOBER 


The 
mittee 
activit 
of its 
seareh 
tive 
pressu 
terials 
gaged 
By a 
actiol 
expec 
even 
tribut 
direct 
struc 

On 
unde! 
litera 
sure 
plete 
suita 
The 
carb 
obta 
will 
actu 
at P 
rece) 
tive 
com 


| 
| | | | | 
> | 7 | 
6 \ 
MODERATE ROUGHN 
05 325 95 | 
° 
T= 8OF | 
02 
/ = 0.0005 
0.! 
fe) P 
4 
Ir 
nets 
jec 
cove 
may 
can 
fab 
| 
ject 
und 
the 
gat 
C00 
sim 
in 
Th 
pre 
Pri 
sor 
see 
tec 
th 
au 


ition 
neta] 
Ltoa 
unit 
s W, 


0 


ER 


COL 


of the Engineering Foundation 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 
American Institute of Mining and Metallurgical Engineers, American Society of Civil Engineers 
American Society of Mechanical Engineers, and Society of Naval Architects and Marine. Engineers 


Supplement to The 


‘elding Journal. November 1918 


Pressure Vessel Research 


The Pressure Vessel Research Com- 
mittee is now beginning its third year of 
activities, and it is proposing an extension 
of its operations to speed up needed re- 
search. This extension concerns coopera- 
tive research among manufacturers of 
pressure vessels, users, producers of ma- 
terials and other organizations now en- 
gaged in such work for themselves only. 
By a careful choice in projects for joint 
action under P.V.R.C. sponsorship, it is 
expected that the results obtained will be 
even more directly useful to all its con- 
tributors as well as to the manufacturers 
directly engaged in pressure vessel con- 
struction. 

On the program originally authorized 
under P.V.R.C., the studies of the existing 
literature pertaining to all phases of pres- 
sure vessel construction are about com- 
pleted. The transfer of these data to a 
suitable card system is underway in part. 
The physical studies of the two reference 
carbon steels of best quality commercially 
obtainable, which were purchased es- 
pecially for study at Lehigh University, 
will be completed this fall. The study of 
actual models and vessels of quality steel 
at Purdue University, for comparison with 
recent theory, developed with the coopera- 
tive sponsorship of P.V.R.C., should be 
completed in 1949. 

In addition to these, some special pro- 
jects are proposed under the P.V.R.C. to 
cover details on pressure vessels which 
may cause high stress concentrations that 
can govern the limitations of design and 
fabrication. 

In taking stock of other proposed pro- 
jects that are planned to be completed 
under the auspices of P.V.R.C., such as 
the extension of present material investi- 
gations to include other commercial grades 
of steels, the advantage of combining and 
coordinating this work with the current 
‘similar work by many other laboratories 
in a cooperative way has been proposed. 
There follows a detailed statement of these 
proposals. 


Proposed Cooperative Research to be Spon- 
sored by P.V.R.C. (Co-Research) 


This presentation on pressure vessel re- 
search refers to an extension of activities 
of the Pressure Vessel Research Commit- 
tee on pressure vessels constructed within 
the rules now used by code and regulatory 
authority. 
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Industry must have appreciated by 
actual experience that individual research 
often results in much duplication of special 
equipment and effort, particularly for the 
fundamental knowledge needed, with an 
increased cost that only the large and 
financially able companies can continue 
to afford. 

Even the largest and soundest compan- 
ies may suffer through lack of sufficient 
correlated technical fundamentals. Their 
laboratories may be pushed to capacity, 
and they still feel compelled to spend more. 
The total cost of all research needed if ob- 
tained by that procedure might stagger 
even some of the larger companies. In the 
pressure vessel industry alone the total 
costs of company research may not be 
staggering, but nevertheless they can be 
relatively just as large. 

Cooperative Research procedure can 
place within the reach of its contributors 
the early use of new data, bearing obvious 
benefits, among which are: 


1. Being able to lump contributions 
from a number of companies, so 
they can afford as a group what 
for each company alone would be 
impossible. 

2. Elimination of duplication of work 
in the laboratories of the coopera- 
ting companies. 

3. Avoid the cost of duplicating test- 
ing equipment already 
able. 

4. Carry out the practical phases of 
such work by discussion among 
men in the industries familiar 
with pressure vessel construction 
and those accustomed to test 
procedure. 

5. The technical reports so sponsored 
should gain not only acceptance 
by users, but greatly help code- 
writing committees, and receive 
welcome recognition by inspec- 
tion agencies and educational 
institutions. 


avail- 


The Pressure Vessel Research Com- 
mittee is now at the beginning of its third 
year of activity as a nonprofit organiza- 
tion, supported by a part of the pressure 
vessel industry and some users. Its active 
members are made up largely from in- 
dustry. It deals with only a limited part 
of the entire technical field of many con- 
tributors—namely, the design, materials 
and their fabrication of the pressure parts 
of steam boilers and other pressure vessels. 


Pressure Vessel Research 


Among presently active members of 
P.V.R.C., many 


sented. 


industries are repre- 
The wor king committees include 
material producers, fabricators, engineers 
for users and technical staff representatives 
from laboratories connected with special 
research organizations or with colleges 
carrying out P.V.R.C. or similar projects. 
These all help to make up a good working 
combination of technical and practical 
ability. In consequence, P.V.R.C. now 
has well-established policies to control its 
activities. It started out by confining its 
budget to modest proportions, to permit 
only a few active projects directed by itself 
and paid for out of its funds 

It is believed that P.V.R.C. can be ol 
greater value to industry, if it could spon- 
sor special projects on cooperative funda- 
mental research, for natural groups oi 
several companies or associations. <A 
project of common interest might either be 
divided among the laboratories of the 
cooperating group, or part of it might be 
done, controlled and paid for by a singlk 
company, as its total contribution. In 
addition, special contributions by several 
manufacturers in the way of materials and 
fabrication costs for test vessels could help 
in specific projects. 

The direct control for each of the ‘Co- 
Research” projects would be the peroga- 
tive of a special subcommittee composed 
largely of representatives of the cooperat- 
ing organizations. P.V.R.C. representa- 
tives would not visit the laboratories where 
work was in progress except when invited. 
The principal contribution of P.V.R.C. 
from then on would be the proper distribu- 
tion of progress reports, and to consolidate 
and issue the summary and final report on 
the joint project. 

The members of the cooperating group 
may respectively agree to submit only re- 
sults and data included in a directive 
which they helped to prepare to define the 
objective of the project, and not to reveal 
any incidental information developed not 
related or significant and considered as 
confidential, or because of its unique 
character having a special individual com- 
pany value. The implied scope of such 
exceptions might well be fully defined at 
the time each project is formulated. 

There are many details in setting up a 
well-rounded procedure for carrying out 
such a proposal for Cooperative Research 
that are merely outlined above. Many 
variables are involved and those most 

(Continued on page 528-8 
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The Behavior Prestretched Structural Steel Beams 


§ Prestretched beams may permit the use of much higher allowable 


design stresses. 


The stretching could be done in the mills, 


by R. L. Buchwalter and Y. C. Shiu 


HE following report is an abstract of the results of 

several experiments conducted at the State Univer- 

sity of lowa under the direction of Prof. Ned L. 

Ashton. Structural steel as it is used today has a 
yield point which is far below its ultimate strength and 
because of this limitation we are only able to use about 
one-half of its real strength for design purposes. The 
yield point is that point at which the strain exceeds the 
elastic limit and the piece of steel begins to have per- 
manent deformation. It represents the upper useful 
limit of stress for design purposes, for it is at this point 
that details begin to fail. 

From the shape of a typical stress-strain curve plot- 
ted in Graph 1, however, we know that it is possible to 
raise this limiting yield point stress by simply stretching 
the piece. If, after reaching the original yield zone, we 
stress the piece so that it passes through this zone and 
then continue to stretch it, it will develop greater 
stresses up to its ultimate strength. If, at any point on 
the stress-strain curve above the original yield point 
we unload the piece of steel, the major portion of the 
deformation will be permanent and only a small portion 
of it remains elastic. Then, if we begin at this new 
point, we will be able to reload it back to that point on 
the curve again before the steel again begins to yield and 
it will behave elastically up to this new higher yield 
point. By taking advantage of this characteristic of the 
steel it is possible for us to raise the yield point of the 
steel to a value more nearly equal to its ultimate 
strength and thus raise the efficiency of the material. 

This was previously demonstrated by Profs. Byron J. 
Lambert and Ned L. Ashton at the State University of 
Iowa in a set of experiments in which they prestretched 
steel reinforcing rods from 7 to 10°, and used them in 
concrete beams. By prestretching the steel they found 
that the useful strength of their beams was increased 


from 45 to 65°). The series of experiments reported in 


R. L. Buchwalter and Y. C. Shiu are connected with the State University of 
lowa, lowa City. 


this paper was made in an attempt to extend the results 
obtained by Profs. Lambert and Ashton to structural 
steel beams. Seven beams were tested. The purpose of 
the tests was to determine the tensile properties of 
prestretched structural steel and the behavior of pre- 
stretched structural steel beams in bending. 

In the following report we were able to show the same 
advantages in prestretched structural beams as in the 
reinforced concrete beam tests. The improvement of 
the prestretched structural beams tested as compared 
to the plain beams was from 61 to 78°. 
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Graph 1 Typical stress-strain curve for structural steel 
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Fig. 2 Tee 1 being stretched. Mr. Buchwalter is on the 
left while Mr. Shiu is on the right 


DESIGN OF THE BEAMS 


| 
4 Figure 1 shows the computations used for the design 
of the beams. The beams were of a balanced design 
designed for a combination of about 40,000 psi. in the 
compression flange and 90,000 psi. in the tension flange. 
These values were predicted for the prestretched beam 
irom the new yield point of diagram, Graph 1. Using 
the assumption, upon which almost all bending formulas 
depend, that the deformation and stress at any point in 
4 beam varies directly in proportion to the distance 
rom the neutral axis, the section was selected so as to 
develop these stresses at failure of the beam. Mathe- 
inatically the ratio of the two distances from the neutral 
axis to the extreme edges of the tension and compres- 
sion flanges were made equal to the ratio of the two 
above stresses. These conditions were satisfied by 
using a 4- x '/s-in. top flange plate welded to the web of 
4 5-in. 4'/.-lb./ft. junior tee. The tee functioned both 
as the web and tension flange of the beam. 

Using this section, three different types of beams 


were made and tested. The first-'type was made from 

an ordinary unstretched structural tee and plate.’ The 
ol second type was an ordinary structural plate combined 
NovEMBER 1948 


with a stretched tension flange and web, and for the 
third type the entire section was stretched. 


EXPERIMENTAL PROCEDURE 


The experimental work was carried out by first 
stretching the tees and plates and next assembling and 
testing the beams. 

The plate could be chucked directly into the tension 
machine used and this stretching operation was easily 
carried out. The tees, however, offered a more difficult 
problem since they could not be chucked directly and 
it was necessary to have some type of attachment to the 
ends which could then be chucked into the jaws of the 
machine. After designing several types of end connec- 
tions and attempting to stretch a tee, it became appar- 
ent that the only possible way in which a connection 
could be designed to develop the full ultimate strength 
of the piece was by butt welding. With this in mind 
the end connection that was finally used to stretch the 
tees as shown in Fig. 2 was developed. 

After stretching the first tee, the end connections 
were cut off flush from the ends of the tee with a cutting 
torch. Later it was found easier to saw it off several 
inches from the connection and leave a section of the 
previous tee on the end connection so that the new tee 
could be butt welded to the old one. Figure 3 is a 
picture of these end connections after the last tee had 
been stretched, illustrating this procedure. Sections 
from three different tees can be seen on one of the end 
connections. 

During the stretching of the tees and plates two dif- 
ferent sets of measurements were taken. For calibra- 
tion of the piece the dial arrangement, shown mounted 
on the tee in Fig. 2, was used. The dial was mounted 
on the neutral axis of the section and measured the 
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Fig. 1 Computations used for design of beams 
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strain over a 20-in. gage length, 10 in. each way from the 
center line. Measurements were also taken with the 
beam compass shown in Fig. 4 to determine how uni- 
form the piece was stretching. On the tees these 
measurements were taken on each edge of the flange 
and web with two sets of measurements being taken in 
the length of the tee making a total of six different 
measurements. The gage length of the beam compass 
measurements was 20 in., as for the calibration dial 
above. 

The plates were welded to the tees manually using a 
shielded arc. They were first spot welded together and 
next fastened by welding from one end and simultane- 
ously on both sides to the other end of the beam. 

The beams were tested in bending with the loads 
applied at the third points of the span. The reactions 
at the end and the loading points were spread over a 
3-in. distance to prevent crushing of the web. Two 
*/,-in. rollers were placed underneath each end support 
to provide simple frictionless supports and to prevent 
any arching action which might occur. At the loading 
points two */,-in. rollers between two !/s-in. plates were 
used. One side of each beam was painted with or- 
dinary whitewash so that the failure could be shown 
more clearly in the photographs. 

Two types of measurements were taken during the 
testing of the beams, these measurements being taken 
at the center line of the span. Strain measurements 
were taken on the top and bottom flanges of the beam 
with SR-4 electrical strain gages. These gages were of 
type A-11, having a l1-in. gage length so that the unit 
strain was measured directly. Deflection measure- 
ments were also taken at the center line of span with 
two Ames dials. The complete setup for the testing of a 
beam is shown in Fig. 5. This photograph was taken 
during the testing of beam 4. 
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EXPERIMENTAL RESULTS 


In order to more clearly demonstrate the marked im- 
provement in these beams the authors have selected 


Fig. 3 End connections used for stretching of tees after 
last tee had been stretched 


Fig.4 Beam compass used to take measurements during 
stretching process 
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Fig. 5 Measurements being taken on Beam 4 showing 
experimental setup 


beam 2 as a typical prestretched beam and have pre 


Grap 
sented all of the graphs for beam 2 first before showing 
the results of the complete series of tests. 

This beam was made up of an unstretched compres- 109 
sion flange cornbined with a prestretched tee tensio 
flange and web. P 
Figure 6 shows the load, shear, moment and deflection 
diagrams for this beam. This diagram applies to all o/ 
a 
2 
7 
i 19° | - | 
Load Diagrom 
Sheor Diagram . N 
| \80P | |ieop 
Moment Diagram | 
Deflection Diagram | 
—Moment of Moment Diagram about ¢ /er 
—=!80P. 295 —- 5,130P/ex 
11583 = + 1,428 
1 =*_ 427 P/er 
Ex 
EL 
Fig. 6 Load, shear and moment diagrams for beams 2 (o 
7. inclusive 
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the beams except beam 1 since all of these beams were 
3 ft. long and loaded at the one-third points. 

Graphs 2 and 3 are the graphs plotted from the 
measurements taken during the stretching of each tee. 
Graph 2 is the stress-strain curve for the tee plotted 
from the calibration dial readings. Graph 3 shows six 
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Graph 2 Stress-strain diagram for Tee 2 plotted from 
calibration dial readings 
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Graph 3 Measurements taken during stretching of Tee 2 
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different strain measurements which were taken with 
the beam compass during the stretching of the tee. 
These are plotted together with the measurement taken 
with the calibration dial which is designated as center 
line and the corresponding strain in per cent is plotted 
vertically above each of these points on the graph. This 
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Graph 4 Deformation of tension and compression flanges 
of Beam 2 plotted horizontally with load plotted vertically 
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Graph 5 Load plotted against deflection for Beam 2 
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added to the ordinate. The straighy 


line portion of this curve is plott,, 
below the neutral axis of the ero. 
section and this portion shoul: repre 


MOMENT OF INNERTIA 


sent the reloading up the unloading 


curve on the left of the center Jing 

rhe end of the straight line portio, 
+ .62 11.07 


ae of the curve on the right was use, 
=10.% 
in our results to determine the poiny 25 
where the beam ceased to be elast) 
and the value of the load and stre« 
at this point are the improved 
point fiber stress and yield point oad 9 
as determined for each beam tested o | 
In the original thesis these graphs zr 
are plotted for each of the seve 9 | 
| 
beams tested. 3 5 
Tables 1 and 2 have tabulated 
the results as taken from the graphs 
plotted for each test. On Graph 7 
20. the deflection in inches is plotted 
against the load in pounds for al 
observations taken on beams 2 to 7 
e inclusive. The curves shown ar 
i Elastic 0027/4 | ‘ 5 
Permanent 09729 average lines for beams 2 and 3, 
| 003-008 and 5 and 6 and7 since these pairs 
STRAIN IN INCHES STRAIN IN INCHES represent the three different types oi 
STRESS STRAIN CURVE STRESS STRAIN CURVE tests made. 
FOR T-2 FOR TENSION FLANGE 
DURING STRETCHING OF B-2 BYSR-4 In Table 1 is listed the largesi 
STRAIN GAGE MEASUREMENTS 
Graph 6 Stress-strain curve and strain gage measurements plotted on the Gra, 
cross section of beam to scale of the cross section for Beam 2 each section stretched in its final 
state. The difference then of thes: 
graph is intended to show the uniformity of stretching two strains represents the maximum final variation in stre 
of the tee. Similar graphs were plotted for the plates stretch for each piece and this, expressed in per cent hac 
but to conserve space these will not be presented here. of the smallest strain, indicates the uniformity o! ol 
Graphs 4, 5 and 6 were plotted from the results of the wh 
tests on beam 2. In Graph 4 the strain measurements : 
taken with the electrical strain gages on the tension and Table 1—Results of Beam Compass Measurements Taken tes 
compression flanges are plotted horizontally with the During Stretching of Tees and Plates an 
load plotted vertically. Graph 5 shows the deflection 7 oe His Variation be; 
prestretching—~ L/ifjerences in te 
of the beam plotted horizontally vs. the load plotted Section Feel ‘Smalleat f in of emallest pa 
vertically. Graph 6 is intended to compare the tensile stretched strain, 7% strain, % strain, % __ strain, % Wi 
Tee 2 10.4 9.94 0.06 0.604 
properties of the beam as obtained from the stretching 3 10 9 9 68 0 32 33] po 
of the tee, as compared to those obtained in the beam i 7.35 7.02 0.32 156 be 
test from the strain measurements taken on the tension . 7.45 7.00 0.45 6.45 al 
Plate 4 7.00 6.82 0.18 2.64 
flange. 5 7.02 6.98 0.04 0.572 hs 
. Av. 0, 2% 3.02 ‘ 
On this graph the actual stress-strain diagram ob- al 
tained from the stretching of the tee, corrected to the Cc 
actual area of the tee after stretching is plotted on the 
left of the center line, below the neut ral axis to the same Table 2—Summary of Results of Tests on Seven Beams a 
scale as the cross section of the beam. This final cor- Yield Yield t 
rected stress is plotted on the center of gravity of the Prestretched from f,from f.from Yield - 
tee and a straight line drawn parallel to the original P pre- beam beam point Ultimat: d 
stress-strain curve up to its ¢ lastic limit to represent the Ne % % toed. oe ont Ib. Ib 
unloading of the tee. On the right of the center line 1 7 0 66,360 62,000 32,800 vals | 
the corresponding curve for the tension flange as ob- 2 10 0 79,500 78,000 40,200 26,200 34,285 | 
: 3 10 0 72,000 73,000 38,000 25,000 34,425 
tained from the electrical strain gage measurements is 4 7 7 63,900 65,500 32,800 22.600 32,825 
slotted. This is the same as shown on Graph 4. The 5 68,200 71,500 38,700 23,750 33,770 
6 0 0 42,000 38,750 17,300 14,500 25,100 
fiber stress obtained by multiplying the strain measure- 7 0 0 43,000 35,800 16,100 14,250 22,545 


ments by the modulus of elasticity of the tee has been 
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Graph 7 Average load vs. deflection graph for three dif- 
ferent cases tested 


The section here which 
had the largest variation was tee 5 which had a varia- 
tion of 6.43°,, while Tee 2 had the smallest variation 
which was 0.604°;. 


stretch which was obtained. 


Table 2 shows in summary form the results of the 
In this table the yield point 
and ultimate load for Beam 1 is not included since this 


tests on all seven beams. 


beam was of a different span length and cannot be com- 
pared with the other seven beams which were all tested 
with a 5-ft. span and loaded at the one-third span 
points. Beams | through 3 represent the second type of 
beam tested which was composed of a prestretched tee 
and unstretched compression flange. Beams 4 and 5 
have the entire section prestretched and beams 6 and 7 
are fabricated from tees and plates in their as-rolled 
condition. 

From the table and Graph 7 it can be seen that the 
average yield point load for beams 2 and 3, which had 
the tension flange and web prestretched 10°,, was 
25,600 Ib. as compared to the plain beams 6 and 7 whose 
average yield point load was 14,375 Ib. 
two figures the improvement in yield point strength is 
78°). The average yield point load for beams 4 and 5, 


From these 


which had the entire section prestretched 7°, , was 
23,175 lb. and, compared with the value for beams 6 and 
7, represents an improvement of 61°). 

Beam 1 has not been discussed in the proceding para- 
graph but is perhaps the most interesting of the seven 
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Fig.7a Section cut from tee 1 


beams. Tee 1 was the first tee stretched. During the 
stretching of the tee for Beam 1, two '/;-in. holes were 
drilled in the neutral axis for the mounting of the dial 
used to calibrate the tee. At 7°; deformation the tee 
failed at one of these '/,-in. holes as shown in Fig. 7. 


The area around this point of failure wes cut from the 
The tee 


tee and the break repaired ly butt welding. 


Fig. 7b Section cut from tee I 
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Fig. 8 Comparison of beams 5 and 7 


was then reloaded to the same stress at which it had 
formerly failed and the weld held. Figure 7 shows the 
results of the stress concentration around the '/,-in. 
hole in the damaged area. After this failure, the '/4-in. 
holes were eliminated and tees 2 and 3 successfully 
stretched 10°, by means of the butt-welded connec- 
tions shown in Fig. 3, without failure. 

Figure 8 is a picture taken of beams 5 and 7 after both 
had been loaded. 

Beain 7, which was fabricated from ordinary struc- 
tural steel, began to yield under a load of 14,250 Ib. and 
failed as shown in Fig. 8 and Graph 7 at an ultimate 
load of 22,545 lb. 

Beam 5 was made from exactly the same material 
excepting that both the plate and tee section were pre- 
stretched 7% longer than the as-rolled condition before 
they were fabricated into a welded beam. 

Before the picture in Fig. 8 was taken Beam 5 was 
loaded in the testing machine first to a 25,265-lb. load, 
the load released, and then reloaded with a 28,720-lb. 
load before being taken out of the machine for the 
picture. The beam was then reloaded to an ultimate 
load of 33,770 lb. before final failure. 


CONCLUSION 


From the results of this set of experiments, several 
conclusions can be drawn as to the behavior of pre- 
stretched steel in regard to how uniform the finished 


product is prestretched and how it acts when used jy , 
structural beam. 

From the set of measurements taken on each pre- 
stretched tee and plate it seemed apparent that the 
only time they were not stretching uniformly was at the 
beginning of a loading period. The explanation {yy 
this could be that the original steel does not yield at the 
same value of stress at all places due to the residyg) 
stresses resulting from their manufacture. After thp 
piece had been stretched about 2°, these irregularities 
were ironed out and the piece stretched uniformly 

These beam tests show that the full ultimate tengijp 
strength can be utilized in the bending strength 9; 
structural beams if the tension flanges are prestretched 
and they are made of a balanced design. 

The prestretched beams behave elastically up to the 
new higher yield point value of stress to which they 
have been previously stretched. 

This is demonstrated by the comparison of beams 2 
and 3 with beams 4 and 5. Beams 4 and 5 were only 
prestretched 7% as compared to the 10°) stretching of 
beams 2 and 3. 

The improvement of beams 4 and 5 was only 62°, as 
compared to 78% for beams 2 and 3 even though both 
the compression flanges as well as the tension flanges o/ 
beams 4 and 5 had been stretched. The balanced de- 
sign prevents the drawing of any conclusions in regard 
to the behavior of the compression flange since the com- 
pression flanges were always understressed. 

These experiments have shown two things about pre- 
stretched steel. They show that it can be stretched 


uniformly and that prestretched steel can be used to 


great advantage both in tension members and in pre- 
stretched beams. Thus, if prestretched steel were to 
be used in structures, it could be prestretched in the 
rolling mills and its use would not change our present 
methods of design except to permit the use of much 
higher allowable stresses. 


Pressure Vessels 


(Continued from 521-8) 


familiar with the planning and carry- 
through of similar projects may have di- 
verse opinions on the best way to do it. 

A start in this direction has been made. 
A special committee to formulate one such 
cooperative project was authorized by the 
P.V.R.C. Executive Committee at its 
meeting on September 9th. This special 
committee will be formed of representa- 
tives from organizations that may wish to 
participate. 

The main objective of this project is to 
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be a study of design, material, fabrication, 
and operating limitations that can permit 
the safe use of higher stresses in the design 
rules for special pressure vessels, materially 
over the present limit of one-fourth of the 
ultimate tensile strength of the steel used. 

A preliminary meeting of representa- 
tives of some interested organizations was 
held on August 12th, and the tentative 
research program developed from this 
meeting formed the basis for the Execu- 
tive Committee's approval to proceed with 
its practical development. 

Industry organizations that may be 
interested are hereby invited to discuss 
their participation in this project. De- 
pending on the interest shown in these 


Buchwalter, Shiu—Prestretched Structural Beams 


proposals, a date for a meeting will be set, 
most likely in New York City early in 
November. 

If, at that meeting, agreement is reached 
on the scope of this proposed project, and 
a sufficient number of representatives o! 
organizations have indicated their proba- 
ble willingness to assume a proportionate 
share of the research work required, a fur- 
ther meeting will be held to agree upon a 
final research program, and to allocate the 
work by voluntary agreement. 

Any organization that may wish to re- 
ceive further information concerning par- 
ticipation in this project, may address the 
Secretary of the Pressure Vessel Researc!: 
Committee. 
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by Georges Welter 


N THEIR report on the fracture of metals, Gensamer 

Saibel and Lowrie! recommended fundamental 

research work in the field of fracture; it has been 

suggested to “‘verify or disprove the contention of 
Fisher and Hollomon? that in triaxial tension the frac- 
ture strength should be lower than in simple tension.”’ 
According to their suggestion, new testing methods, as 
described below, have been developed and tried out; 
also some preliminary results with specimens tested 
in pure triaxial tension are given. As the question of the 
triaxial fracture strength can only be answered by 
carrying out experimental work with specially shaped 
specimens under tension in three axes perpendicular 
to each other, two new and original methods for ap- 
plying tension stresses in three directions simul- 
taneously have been developed. On one hand, an 
apparatus based on a mechanical principle was built 
in the mechanical workshop of Ecole Polytechnique 
and tried out in the Strength of Materials Laboratory. 
On the other hand a second apparatus using a fully 
hydraulic loading system for testing triaxial specimens 
was also tried out. 


MECHANICAL LOADING DEVICE 
(DESIGNED AND BUILT IN SEPTEMBER 1947) 


As shown in Fig. 1, the load is applied to the triaxial 
specimen placed inside of a central rectangular hollow 
steel block a by cylindrical steel bars b-b’-b’-b’". 
These hollow steel bars are, at one end, screwed on the 
threaded heads of the specimen and support at the 
other end massive nuts c-c’ with a fine thread. These 
nuts are used to apply the load to the specimen through 
several rubber plates d-d’-d"-d"”’ which are supported 
by the central rectangular steel block. These plates 
are separated by thin steel sheets e-e’... They were 
necessary to make the loading through the fine threaded 
screws more elastic in order to have a more sensitive 
regulation of the load by the screws; without rubber 


Georges Welter is Professor of Applied Mechanics, Ecole Polytechnique, 
Montreal, Canada. 
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Methods for Testing Specimens 


preliminary results about triaxial 
fracture strength of metals and alloys 


plates, the apparatus would be too stiff and as tried 
out a regular increase of the load would be difficult. 
The first test was carried out without rubber plates, 
while the following ones were made with 4 and later 
7 layers (3 x 4'/s x */ in.) of these plates. In each 
axis one steel bar is provided with an electric strain 
gage placed inside of the steel block indicating the 
applied load on the specimen. The bars with the gages 
have been calibrated carefully before the final tests 
were made. The gages can be connected alternatively 
with the SR4 Strain Indicator, as shown in Fig. 2, 
recording for each axis the loads applied to the speci- 
men. The apparatus is placed between the loading 


Fig. I Mechanical loading device 
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Fig. 2. Mechanical loading device and SR-4 strain indi- 
cator mounted on a Baldwin Universal Testing Machine 


tables of the Baldwin Universal testing machine and 
by applying a fairly low load on the rubber plates 
the three axes can be loaded gradually by the threaded 
nuts c-c’. Preliminary compression tests were made 
with different types of rubber plates to know their 
maximum compression loads in function of their de- 
flection corresponding to the number of revolutions of 
the nuts on the fine threaded hollow bars 6. With this 
device, loads up to 16,000 Ib. have been applied to the 
specimen and maintained during long periods of time 
without serious changes in the load, disregarding the 
influence of small amounts of creep of the rubber plates 
or changes of the room temperature. The loading of 
the triaxial specimens takes place in different steps. 
For each step several thousand pounds were applied 


oa 


Welter 


Triaxial Test Specimens 


representing about 10 to 15,000 psi. in the effectiy, 
surfaces of the triaxial specimen. This meciianiea) 
device has the advantage of permitting an app|icatioy 
of the load in each individual axis without clinging 
seriously the applied loads in the remaining ayjc 
An initial static load in one axis, corresponding fo) 
instance to the yield strength can be applied during , 
longer period of time while the two other axes can }yp 
loaded gradually and alternatively in different steps ty 
the ultimate breaking load of the specimen. Also twy 
axes can be stressed so that the loads are fixed, for jp- 
stance, just below the ultimate strength of the tested 
material while the load in the third axis is gradually 
inereased from zero up to rupture of the triaxial speci- 
men. It will also be possible to carry out with this de- 
vice creep tests of longer duration in the different axes 


The Triaxial Specimens 


The triaxial specimens used for these tests have been 
cut out of square or round bars of at least 5'/, to 
6 in. thickness and a length of also 5'/2to6in. Of these 
blocks a double cross, as represented in Fig. 3 (a 
and (6), has been shaped on an automatic metal saw; 
the six protruding ends of about 1 in. diam. and | in 
length have been threaded on a lathe. After this pre- 
liminary operation for preparing the specimens, they 
were put on the milling machine and fixed in a dividing 
device in order to cut the notches under an angle o! 
45° between each pair of axis. For this purpose, cir- 
cular cutters (saw blades) of 1/1. in. were used down to « 
certain depth followed by a cutter of ?/32 in. thickness for 
the width of the final notch of about '/s in. depth. By 
this means the cube to be tested could be limited ex- 
actly to '/s in. side length, so that the effective working 


Fig. 3 Different stages of machining triaxial specimens 
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Fig. 4 Triaxial steel specimens after fracture 


1/s of a cubic inch, 


volume of the cube is consequently 
having very thin notches of !/3. width between the 
axes. The threaded specimen, after being machined 
with the notches between its axes, is shown in Fig. 
3 (c). The shape of the specimens with or without 
notches can be made in several varieties and the notch- 
ing effect under triaxial stresses can be easily studied. 
It is evident that the preparation of this kind of speci- 
men is naturally longer than that for simple notched 
specimens. In fact, this triaxial type represents 
three specimens in one, so that it may be said that the 
time for machining a triaxial specimen can be estimated 
to be 50 to 100°, greater than the time necessary for 
machining three separate specimens of the same dimen- 
sions and provided with the same kind of sharp notches. 


Preliminary Test Results 


A first experiment with a triaxial specimen of an- 
nealed 1045 steel was made at the beginning of October 
1947 by using the above-described mechanical device 
without elastic rubber plates. The cylindrical loading 
screws of one axis were adjusted in the grips of the 
Baldwin Universal Testing Machine and the nuts 
fixed at the desired load. This, however, did not work 
quite satisfactorily as due to the elasticity in compres- 
sion of the whole apparatus the necessary load in the 
specimen had to be surpassed of a certain amount in 
order to be able to fix the nuts at the desired load. 
Specimen No. 1 stretched in this way in three axes, 
broke at a load of 17,500 lb. which was lower than the 
minimum resistance (19,000 Ib.) measured with single 
notched specimens taken transversely to the rolling 
direction. Figure 4 (a) shows the triaxial specimen 
after fracture (the two other axes have been pulled 
after fracture of the first one had taken place). 
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The loading of the second specimen (annealed steel 
1045) has been carried out on the elastic rubber cush- 
ioned device a few weeks later, according to the scheme 
reported in Fig. 5. The three axes being represented 
by different symbols, it can be seen tha: the stress in 
the longitudinal axis 1-1 was, at the beginning, about 
16,000 psi. This initial load did not change appreciably 
during the loading of the two other transverse axes 
reaching 18,600 psi. in C and decreasing to 17,100 
psi. after the load in axis 2-2 had been increased (points 
A-E of axis 1-1). Axis 2-2 was stressed first to 25,150 
psi. (point B) followed by axis 3-3 stressed to 16,100 
psi. and immediately after that this same axis was 
stressed with 55,000 psi. (points C and D). During 
this important increase of axis 3-3, nothing special 
happened in axis 1-1, while axis 2-2 increased auto- 
matically its stress from 25,500 psi. (points B-D) to 
34,100 psi. When this axis (2-2) was afterwards in- 
creased to 59,200 psi. the load in both other axes 3-3 
and 1-1 decreased slightly (points D-E). A renewed 
increase of axis 1-1 from 17,100 psi. to 46,800 psi. had 
no special effect on axes 2-2 and 3-3 and after a 
third increase of this axis to 55,100 psi. it fell back to 
45,700 psi. by loading axis 2-2 while axis 3-3 did not 
change appreciably (points F-H). From that point 
on, the load in all three axes increased more or less 
steadily (points H-O) and finally the specimen broke 
at a load of 63,400 psi. (15,800 Ib.) in axis 1-1 after 
having risen in axes 2-2 and 3-3 to 82,000 psi. (20,500 
Ib.) and 71,500 psi. (17,880 Ib., points O-P). That 
means, without touching the specimen or changing the 
load in any axis during an interval of about 1 to 2 
min., the rupture took place suddenly and consequently 
the stress in all three axes fell down instantaneously 
to zero (point P). Furthermore, in this moment a 
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Fig. 5 Loading scheme of triaxial specimens tested in mechanical loading device 


strange phenomenon took place in so far as all three 
axes were broken simultaneously. All three axes 
showed zero load and the specimen, after having failed 
in one axis, broke simultaneously in the two remaining 
axes. It was, at first, thought that this rupture in the 
three axes might be due to a loading effect provoked 


Ibs MEDIUM STEEL 
259000 
94 800 
82700 Mat 
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77250 
15000 } 
10 000 
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5000 


Fig. 6 Load-deformation diagrams of uniaxial notched 
specimens 
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by the remaining half axis pulling the specimen out of 
its original position. This seems, however, not to be 
the case as the same effect has been observed on speci- 
mens tested in an apparatus of a completely different 
type, that is, a device producing balanced triaxial! 
stresses as will be shown later. In Fig. 4 (b) (right 
is shown the triaxial Specimen 2 with the broken three 
remaining parts of axes 1 to 3. It is of interest to 
note that the failured structure is of a coarse, crystalline 
type and shows numerous crystals with larger granular 
facets. 

In order to have some indication, however, about the 
anisotropy of this material, three separate specimens 


Fig. 7 Triaxial steel specimen after fracture with halves 


of uniaxial specimen of the same material 
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were taken in the three main axes (longitudinal, trans- 
verse-horizontal and transverse-vertical) of the same 
dimensions ("/2 x 1/2 in.) as the tested triaxial cube, 
having a Sharp notch similar to that of the main speci- 
men. The load deformation diagrams of these speci- 
mens are Shown in Fig. 6. They reveal that this steel 
har of 6 x 6-in. square section has a fairly pronounced 
anisotropy; the highest breaking stresses in the longi- 
mdinal axis 1-1 (in rolling direction) is 94,800 psi. 
load 23,700 Ib.) and the lowest breaking stress in axis 
3-3 transverse to this direction is only 77,250 psi. 
load 19,300 Ib.). The above results seem to indicate 
that this material under triaxial tension shows a frac- 
ture strength which is lower than in simple tension, 
63,600 psi. against 94,800 psi. in axis 1-1, 82,000 psi. 
against 82,700 psi. and 71,500 psi. against 77,250 psi. 
in axes 2-2 and 3-3. The same triaxial specimen with 
the fractured halves of the simple tension specimens 
taken in three different axes, according to Fig. 6, are 
shown in Fig. 7. 

Under identical experimental conditions, another 
specimen, a triaxial light alloy sample of 17ST alloy, 
was tested in the rubber-cushioned device. The load- 
ing procedure in the three axes is shown in Fig. 8. 
The three axes were numbered as for Specimen 1, 
axis 1-1 in the longitudinal or the rolling direction, 
2-2 and 3-3 transverse to the rolling direction and per- 
pendicular to each other. During the test axis 3-3 
was first stressed up to 37,900 psi. followed by axis 
l-l up to 30,600 psi. and 2-2 with a stress of 28,300 
psi. (points A-B-C). When this second axis (1-1) 


was put under tension, the stress in the first one, 
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Fig. 8 Loading scheme of 17ST alloy specimen tested in 
mechanical device 
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Fig.9 Load-deformation diagrams of uniaxial 17ST alloy 
specimens 


3-3, rose automatically to 40,300 psi. and while pulling 
the third axis 2-2, the second one, 1-1, rose from 30,600 
psi. to 37,400 psi.; during this period the load of the 
first axis, 3-3, did not change appreciably (points B 
and C). Now by starting again to pull axis 3-3 from 
40,500 psi. to 55,850 psi. this axis broke simultaneously 
with axis 2-2 while its load had increased to about 30,000 
psi. (points C-D). Only the strongest longitudinal axis 
1-1 did not fail and rose automatically during this 
period to 65,000 psi. (point £). 
strength of the specimen in this axis (1-1) must be much 
higher than that one transverse to the rolling direction. 
In fact, this material shows a pronounced anisotropy 
and simple tensile tests with specimens cut out in the 


This means that the 


rolling direction and perpendicular to this direction 
have, as represented in Fig. 9, an anisotropy of about 
14 to 15% between the two extreme results of the 
tensile strength in axes 1-1 and 3-3 (of about 97,000 
98,000 psi. in axis 1-1 and 84,000—86,000 psi. in axis 
2-2). In Fig. 10 (a) is represented the aluminum 
alloy 17ST specimen after the tests, showing the two 
axes broken simultaneously. The fibrous structure in 
the two fractures, Fig. 10 (b) shows clearly the rolling 
direction of the material as located in the nonbroken 
longitudinal axis 1-1. Also, for this material, the 
fracture strength in the broken two axes is lower than 
the lowest in simple tension of notched specimens 
(~84,000 psi.), as shown in Fig. 9. 

The necessary time for carrying out one triaxial 
test with this apparatus depends on the loading steps 
chosen. In order to give, however, an approximate 
indication it can be said that in about half a day one 
complete test can be carried out. 

The device based on the mechanical principle using 
rubber plates for elastic loading, as shown in the above 
tests, is not quite satisfactory and presents a certain 
lack so far as under high loads (over about 10,000 Ib.) 
the friction of the threaded screws becomes fairly high 
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and for loading the different axes a certain pressure has 
to be applied on the rubber plates to reduce this friction 
while tightening the nuts. By this pressure the 
balance in the stress distribution of the specimen is 
disturbed, which might be of detrimental influence on 
the test results. This can, however, be overcome by 
increasing the dimensions of the loading fillets and nuts 
of this device. To improve the mechanical loading 
system and to check the results obtained by the above 
device, another apparatus to stress triaxial specimens to 
rupture was built, based on a quite different principle. 


HYDROSTATIC LOADING DEVICE 
(DESIGNED AND BUILT: NOVEMBER- 
DECEMBER 1947, JANUARY 1948) 


For loading the triaxial specimens simultaneously, 


Fig. 10 (b) 


Fracture of 17ST alloy specimen showing 
fibrous structure 


534-s 


Welter—Triaxial Test Specimens 


steadily and equally in three directions, hy drostgs;, 
oil pressure was used. As shown in Fig. 11, 9 solig 
steel block A of 6 x 6 x 6 in. was forged and thy, 
cylindrical holes B-B’-B” of 3.5 in. diam. were bored 
perpendicularly to each other in the three axos of the 
block. The specimen of about 3 in. length in cach gyi. 
is screwed in a piston C fitting in the cylinder and th 
five other pistons C-C’-C”.. .are screwed on thie speci. 
men located in the center of the steel block. Ty 
smaller pressure pistons D-D’ of about */s and °/, jy 
diam. are screwed in the block and being in ¢om. 
munication with the central part of the block, thy 
transmit the hydrostatic oil pressure to the 6 pistons 


By special rubber O-rings placed in V grooves, provid 
in the pistons, or in the steel block for the two smal} 
pressure pistons, a practically absolute tightness of this 
device could be obtained. It is so perfect that unde 
pressure of about 1000 psi., the loss per hour of the pres. 
sure is less than about 1%. During the operation of thy 
apparatus, no leakage of oil can be observed. © A speci: 
high-pressure manometer EF, indicating pressures up t 
3000 psi., is screwed on one side of the block and placed 
in a horizontal position. 


Fig. 12 


This instrument works per- 
fectly and after the specimen is fixed inside the block 


men a 
same 


the test can be carried ott in a time as short as for a greate! 
ordinary tensile test; that means that the specime: tensiOr 
can be fractured in a few minutes. The adjustment oj 

the specimen in the apparatus takes a somewhat First 


longer time, that is about twice the time necessary fo 
fixing three standard specimens in a universal machin For 


For each test the air has to be eliminated from th out at 
compression chamber of the block as far as possibl anneal 
which can be easily done in a few minutes with a tested 
standard vacuum pump. With this instrument, a few The | 
triaxial tensile tests up to fracture have been carried and st 
out without encountering any difficulties whatsoever tons 
If different specific loads in the three axes of the speci- ¥ by tl 
corres 


\ 


Fig. 11 Hydrostatic triaxial loading device 
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Fig. 12 Steel specimen fractured simultaneously in three axes under balanced 


triaxial hydrostatic tension 


men are of interest then the 6 pistons having the 
sume diameter can be replaced by others of smaller or 
greater dimensions, according to the desired direct 
tension. 


First Tests under Balanced Hydrostatic Pressure 


For the first test under pure triaxial tension, as carried 
out at the beginning of February 1948, a specimen of 
annealed medium steel, of similar properties as the one 
tested in the mechanical apparatus, has been used. 
The hydrostatic oil pressure was increased regularly 
and steadily in the three axes by the two pressure pis- 
tons D-D’ and the attained pressure was measured 
by the manometer EF. At a pressure of 2500 psi., 
corresponding to a stress in the faces of the cube 
of 93,700 psi., the rupture took place while a 


Fig. 13 Coarse-grain fracture of steel specimen, repre- 


sented in Fig. 12 
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damp noise and a momentary drop 
of the load indicated by the manom- 
eter were noticed. Here again, the 
surprising phenomenon of a simulta 

neous fracture of the triaxial speci 

men in its three axes was observed 
when -taking the specimen out of 
the apparatus. Furthermore, the 
cracked surfaces of the loaded 
cube were not broken in planes 
perpendicular to the loaded axis but 
more or less under an angle of 
roughly 40 to 50°, starting from the 
sides of the cube and directed right 
to its center. This total fractured 
surface is much smaller than the 
three surfaces of the original cube 
perpendicular to the loaded axis. 
Another most striking effect is that 
the specimen showed in the remain- 
ing unbroken section of the 1-1 axis 
an additional deep crack along two 


sides at the bottom of the notch in the square face of 


the loaded cube. 


Also in the opposite half of this axis, 


a small crack starts in the bottom of the notch at a 
small distance from the corner and has a length of 


about in. 


The first specimen fractured under pure 


balanced triaxial hydrostatic tension is shown in Fig. 
12, representing the two halves of the broken cube 


the attached three-threaded axes 


The fracture itself is fairly coarse-grained and brilliant 
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crystal surfaces of triangular and square shapes, of 
about several tenths of a millimeter in diameter, are 
visible under a magnification of 5-10, Fig. 13. 

The anisotropy of this material was somewhat smaller 
than for the medium steel used for the first specimen 
tested in the mechanical apparatus. As shown in Fig. 
14, the longitudinal axis 1-1 has a maximum breaking 
stress of 108,800 psi. and the two transverse axes 2-2 
and 3-3 have, respectively, 97,400 psi. and 96,300 psi., 
for the weakest axis. 

During a second test carried out under the same 
conditions with a steel specimen of identical properties 
as the first one, the fracture of the triaxial specimen 
under balanced hydrostatic pressure took place at 
2560 psi. indicated by the manometer of the device, 
which is practically the same load as that necessary 
to break the first specimen (2500 psi.). This means 
that the fracture strength of about 95,950 psi. is some- 
what smaller than the minimum breaking strength of 
96,300 psi. necessary to break in simple tension the 
notched axis 3-3 of this material. This specimen 
fractured also in the weakest axis 3-3, while in axis 
2-2, having a breaking strength of 97,400 psi., cracks 
could be observed in the bottom of the notch after the 
test has taken place. 

These test results, obtained in balanced triaxial 
tension, show again that the fracture strength of a 
specimen, pulled simultaneously and equally in three 
axes, is somewhat lower than that observed in uni- 
axial tension of notched specimens. 

In any case, the breaking load of the triaxial speci- 
mens was higher than the maximum load of the 
strongest uniaxial specimen as this has been predicted 
by tests based on simple notched tension specimens 
loaded in one axis only. It can be admitted that the 
central part of the triaxial specimens used for this 
investigation is stressed simultaneously in 3 axes and 
this in 6 sections located in the neighborhood of the 
notches, directed toward the interior of the cube with 
a minimum thickness of at least the width of the notch. 

Future Test Program. Based on these preliminary 
tests, it will be necessary to gather more results on a 
greater variety of materials with and without heat 


treatment, having as far as possible ident, 
chanical properties in all 3 axes. The investiv ition of 
highly isotropic material as annealed copper, iron 


aluminum specimens, with small and large ¢ry 
which are in relation with the soundness of the |. 
will be of the greatest interest. These tests w: 
if the rupture of the material takes place simultaneoush 
in 3 axes through the cube and not, as this can by 
admitted, that local stress concentration provokes th 
fracture of the specimens. 


Stals 
lattice 


l] show 


Also basic work on the behavior of triaxial specimens 
under repeated push-pull fatigue loads, followed }y 
push-pull fatigue tests, has to be carried out: Appro- 
priate fatigue machines for producing these triaxial 
stresses are under way of construction at the Researe 
Laboratory of Ecole Polytechnique. It can be hoped 
that these additional investigations will bring son 
more light in the behavior of welded material unde 
complex loading conditions. 


CONCLUSION 


These preliminary test results seem to indicate that 
the widely discussed prediction, drawn from experi- 
ments with uniaxial notched specimens, that tly 
tensile stress required for fracture increases as the two 
transverse stresses increase, is not satisfied.* Accord- 
ing to the above results, in any case an increase of the 
tensile stress has been observed while the transvers 
stresses were increased simultaneously. Furthermore 
it seems that these results support experimentally th 
prediction of the theory of Fisher and Hollomon 
based on micro-crack distribution, as set forth by 
Grifith* and Smekal.® Further work with isotropic 
material will bring a final answer to this basie problem 
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Research on Arc-Welded 
Butt Joints of Mild Steel 


Discussion by F. J. Winsor 


R. WELTER and his associates have assumed a 
tremendous task in their investigation of the be- 
havior of welded joints subjected to various con- 
ditions of restraint, rate of loading, temperature 


Dr. F. J. Winsor is Welding Research Engineer, Engineering Research Dept., 
Standard Oil Co. (Indiana). 

The paper by Dr. Welter was published in the July 1948 Welding Research 
Supplement, page 321-s. 
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and eyclic loading. Such a testing program certainly 
involved a great deal of effort, and the procedures and 
results should be of interest to everyone in the are- 
welding field. It is felt, however, that clarification of 
certain observations and conclusions would increase 
the value of the work. 

In the “Summary and Conclusions” the following 
statement is made with regard to the results of tests on 
welded vs. riveted truss models. “As a whole, though, 
the behavior of the welded structure seems to be more 
favorable than the riveted structure.” From the data 
presented in Fig. 66, showing greater elastic deflection 
of the riveted truss, and the results of tests with brittle 
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gequer it is difficult to see wherein lies the superiority 


¢ the welded truss. Also, the results of tests under 
iyrnamiic loading showed that the riveted trusses as 
vell as the welded trusses withstood high fatigue loads 
vithout any visible damage. From the data presented 
+ would appear to be necessary to completely disregard 
the 40° greater elastic deflection of the riveted truss 
as compared with the welded truss at a load of 11,000 
ip. in order to place the welded and riveted trusses on a 
nar for static loading. It would be well for the author 
to explain in further detail what properties were con- 
dered in arriving at the conclusion that the behavior 
of the welded truss appears more favorable than the 
riveted truss. 

There seems to be some tendency to overstress the 
sgnificance of failures under test occurring consistently 
in the parent metal rather than through the weld metal 
{the specimens. In the absence of data on the phys- 
al properties of the 1020 steel base plate employed for 
tests, it is perhaps reasonable to compare the properties 
of the welding electrodes, given in the paper, with 
typical properties of 1020 steel as-rolled.* The com- 
parison is shown in the following table: 


1020 
mild High Low 
steel ductility ductility 


as-rolled weld metal weld metal 


Tensile st rength, psi. 67,000  65,000—-75,000 70,000-—80,000 
Yield point, psi. 45,000 55,000-60,000 60,000-65,000 
Elongation, © in 2 In. 32 30-35 25-30 


The major items for consideration are (1) the con- 
siderably lower yield point of the base metal as com- 
pared with that of either of the two types of weld metal, 
2) only a slightly lower elongation for the low ductility 
weld metal than for the base metal and (3) a.tensile 
strength for the base metal equal to or less than the 
tensile strength of the weld metal. Therefore, in static 
tension tests of radiographically sound welds we should 
expect failure to occur in the parent metal both for the 
high ductility and low ductility welds. This is a fact 
regardless of whether the specimens are notched,’ un- 
notched, axially loaded or eecentrically loaded. If it is 
conceivable that the location of failure of the specimens 
in static tension tests were not predictable from the 
properties of the individual elements making up the 
specimen, then it must be confessed that our knowledge 
of the mechanical characteristics of welded joints is 
much more elementary than the welding profession 
should care to admit. 

The absence of duplicate tests in Dr. Welter’s work 
on the parent metal alone, without any welds, for con- 
trol and comparison purposes is unfortunate. Accord- 
ing to the author a perfect welded joint is one in which 
“the weld (metal) is at least equal or even superior in 
its mechanical properties to the parent metal.” How- 
ever, there are indications from the test results that 


under certain conditions the welded joint may suffer 


* Procedure Handbook of Arc Welding Design and Practice, 8th ed., 1945, 


The Lincoln Electric Co., Cleveland, Ohio. 
t Notched equally in the weld metal and the parent metal. 
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from the mechanical superiority of the weld metal over 
the parent metal. The proof might be more positive if 
it were possible to compare welded and unwelded 
Thus, in Figs. 30 and 31, 


showing static tension elongation measurements on 


specimens of a similar type. 


specimens with high ductility and low ductility welds, 
we see that the elongation of the base metal for the un- 
notched, axial-loaded high ductility weld specimen 
was 33°, whereas it was only 27% for the low ductility 
weld specimen. Also, for the eccentrically loaded and 
notched specimens the elongation of the base metal 
was 24° for the high ductility welds, and only 7.5% 
for the low ductility weld specimens. 

From Figs. 42-45 showing elongations under dynamic 
tension tests we obtain the following comparisons for 
the elongation of the base metal in high ductility and 
low ductility weld specimens: 


Elongation of Base Metal 


T ype High ductility welds Low ductility welds 
A 16 22 29) 20.5 
B 27 15 27 17.5 
C 22 9.5 17 15.5 
D IS 10.5 15 14 
17 6 12 
I 1] 2.5 5.5 


The internally notched specimens and those with deep 
external notches do not show such great differences 
possibly due to the greater restraint caused by these 
notches which would tend to mask the effects of differ- 
ent types of weld metal. 

How do we account for the difference in ductility of 
the base metal with different types of weld metal in 
specimens stressed similarly? Presumably the base 
metal is the same in each case, and if the weld metal is 
not directly responsible for this difference we have no 
satisfactory answer. It is suggested by the writer, 
however, that perfectly sound weld metal can greatly 
influence the failure of a welded joint. This effect 
might be independent of any structural changes in the 
base metal adjacent to the weld, due to the heat of 
welding, or it might be intensified by such structural 
changes. 

A weld metal having a yield point much higher than 
that of the parent nietal, such as the low ductility weld 
metal used by Dr. Welter, could, by virtue of its in- 
ability to flow plastically when the base metal reached 
its yield point, introduce a pattern of biaxial or triaxial 
stress in a joint subjected to a uniaxial external load. 
Thus, perfectly sound weld metal could cause prema- 
ture failure of the parent metal at some distance from 
the weld by forcing the metal to exceed its capacity for 
plastic flow at some point locally rather than allowing 
uniform deformation and relief of high local stresses. 
That such a situation actually occurs under both static 
and impact loads is indicated by the data which Dr. 
Welter presents, showing that while failure occurred 
consistently in the parent metal, regardless of the type 
of weld metal, the energy absorbed by low ductility 

(Continued on page 567-s) 
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Progress Report No.1:Welded Continuous Frames and Component 


Plastic Behavior Wide Flange Beams 


§ This report presents results of wide flange sections 
tested as simple beams with third point loading 
through the elastic and into the plastic range 


by W. William Luxion 
and Bruce G. Johnston -° 


HE Welding Research Council, 
T through its Structural Steel Com- 
mittee, directed in December of 1945 
that the resumption of its work at Lehigh 
University should be on the subject of 
fully continuous welded frame construc- 
tion. Prior to interruption by the war, a 
number of projects at Fritz Laboratory 
had been sponsored on flexible beam-to- 
column building connections and the 
possibilities of the “‘semi-rigid’’ connec- 
tions also had been explored. 

In suggesting the new program it was 
thought that the advantages of welding 
could best be realized if the fully contin- 
uous type of construction were used, 
thereby leading to the greatest ultimate or 
collapse strength of the structure. The 
work was to commence with simple beam 
tests of wide flange sections and lead to 
tests of continuous beams, welded con- 
nections and welded continuous frames. 
In Great Britain, J. F. Baker and his 
associates have had under way a similar 
investigation, utilizing tests of small 
models, the results of which have been 
presented in a number of reports of the 
British Welding Research Association. 

In 1946 the American Institute of Steel 
Construction also resumed sponsorship 
of research at Fritz Engineering Labora- 
tory, continuing its prewar investigation 
of steel columns. Emphasis was placed 
on the behavior of the column as part of a 
continuous frame. This naturally led to 
the suggestion, in 1947, to unite the W. R. 
C. and A.I.S.C. work under a single co- 
ordinated program. This move was later 
approved by the Structural Steel Com- 


W. William Luxion was formerly Welding Re- 
search Council Fellow at Fritz Engineering 
Laboratory, now with Roberts and Schaefer 
Engineering Co., Chicago, Il). Bruce G. Johnston 
is Geenber of Fritz Engineering Laboratory and 
Professor of Civil Engineering, Lehigh Univer- 
sity, Bethlehem, Pa. 


Paper presented at the Twenty-ninth Annual 
Meeting, A. W.S., Philadelphia, Pa., week of Oct. 
24, 1948. 
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mittee which also expedited the work by 
increasing the allotted annual budget. 
The Bureau of Yards and Docks and the 
Bureau of Ships of the U.S. Navy, through 
the Office of Naval Research, undertook 
the sponsorship of specific features of the 
over-all program. The American Iron 
and Steel Institute added their financial 
support, and, at the time of writing this 
report, all phases of the work are now 
underway. 

Acknowledgment is due William Spra- 
ragen, director of the Welding Research 
Council; LaMotte Grover, chairman of 
the Structural Steel Committee and T. R. 
Higgins, chairman of the Lehigh Project 
Subcommittee for their continued guidance 
and assistance. A. Amirikian, of the 
Bureau of Yards and Docks, was also par- 
ticularly helpful in providing the initial 
impetus to the work and advising as to its 
detailed direction. 


INTRODUCTION 


This report presents results of wide 
flange sections tested as simple beams. 
Third point loading was used to provide a 
central section wherein pure moment with- 
out shear would be obtained and the basic 
bending behavior at initial yielding and 
in the plastic range could be studied. An 
extensive exploration of elastic and plastic 
strains was made throughout each of the 
beams in the regular test series. 

The tests reported on herein were as 
follows: 


the radius of curvature of the beam axis 
@=1/R. Within the elastic range, th 
bending moment is proportional to thy 
curvature and the M-¢ curve is a straight 
line, the elastic constant of proportionality 
being equal to 


M = 
If the bending moment is constant over 
any length of the beam, as in the centra 


third of the test beams, @ is also constant 
within this region and the beam bends int: 
a circular are. Within this section @ ma’ 
be determined by deflection readings at 
three different locations along the beam 

Some of the factors influencing th 
bending behavior will be discussed herei: 
under the following headings: (1) stress- 
strain properties of structural steel; (2 
shape of cross section; (3) local buckling 
(4) residual stresses. 


Stress-Strain Properties of 
Structural Steel 


The well-known tensile stress-strain 
properties of structural steel are illustrated 
in Fig. 1 (a). A proportional limit, not 
shown, is usually observed somewhat be- 
low the upper yield point. The upper 
yield point represents a condition of in- 
stability, affected by rate of loading, sur- 
face condition and other factors. Th 
lower yield point is the more stable and 
well defined of the two, being the nearly 
constant stress at which continued slow 
average strain rate is maintained, while 
zones of vielded material spread from 


. SWFS31 as-delivered............... 12 ft. O in. span 
SWF40 as-delivered............... 12 ft. 0 in. span 
NS re SWF40 as-delivered............... 14 ft. 0 in. span 
ee SWF40 annealed.................. 14 ft. 0 in. span 
Resuler Test No. 3... SWF67 as-delivered............... 14 ft. in. span 


The bending behavior at a particular 
location along a beam may be depicted by 
means of an “M-@” graph, in which the 
moment, M, is the ordinate, and ¢, plotted 
as the abscissa, is the rate of change of 
slope of the beam axis at the point in 
question. @ is inversely proportional to 
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their points of inception. The total! 
plastic strain during the constant lower 
yield point stress is usually 10 to 20 times 
as large as the initial elastic strain (')¢ 
1 (a)). The yielded regions finally becom 


more or less general, the material starts ‘0 


strain-harden, and the stress increases. 
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ASSUMED STRESS DISTRIBUTION IN 


STEEL BEAM STRAINED BEYOND ELASTIC 
RANGE. 


One of the objects of these tests was to 
compare experimental M-@ curves with 
those calculated from the tensile and com- 
pressive stress-strain diagrams of the same 
material. General procedures for calcu- 
lating M-@ curves for any shape section 
from any given stress-strain data, or the 
reverse, have long been available.?:3 
These procedures assume* that the longi- 
tudinal strain in the elastic, plastic and 
intermediate stages of bending varies 
linearly across the beam section and that 
the strain in the most stressed fiber is 
uniformly the same along any region of 
constant moment at all stages of yielding. 
These conditions may be approximately 
realized in the case of most nonferrous 
alloys as well as some ferrous materials 
that have a continuously increasing stress- 
strain curve. In the case of structural 
steel, yielding commences intermittently 
along the most stressed fibers and proceeds 
downward in localized planes into less 
stressed regions, as well as along the beam. 
An extensive investigation of this process 
has recently been reported by the Univer- 
sity of Illinois. The “theoretical” curves 
reported herein are nevertheless based on 
the usual assumption of uniform yielding. 
It will also be assumed, as is commonly the 
case, that the web material has a different 
yield point than the flange. 

Calculation of a theoretical M-@ curve 
is extremely simple if the stress-strain curve 
is as shown in Fig. 1 (a) and is assumed 


- Reference should also be made @.® to other 
basic assumptions made in the beam theory. 
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the same in tension as in compression. 
The calculation of three pairs of M and @ 
values plus a fourth limiting M value will 
satisfactorily determine the curve for a 
WF section at various states of yielding 
as follows: 


M,, ¢% at initial plastic yielding of outer 
fibers of beam 
after yielding has progressed 


through the flange to the 
juncture of web and _ fillets 
(to ye in Fig. 1 (b) 

M3, ¢; after yielding has progressed into 
the web any appreciable 
amount, (to y; in Fig. 1 (b)) 

M,.. the limiting moment assuming 
the entire section to be plastic 

It will be assumed that initial yielding 
takes place when the most stressed fibers 
in bending reach a stress equal to the upper 
yield point of the flange material ovyr 
as determined by a tension or compression 
test. 

As soon as yielding has commenced it is 
questionable whether the upper yield 
point should be assumed as maintained on 
the elastic side of the theoretical elastic- 
plastic boundary. The material used in 
this investigation had an upper yield 
point not much larger than the lower and 
no conclusions could be drawn as to the 
foregoing matter. The two different pro- 
cedures would give nearly identical curves 
and in the absence of conclusive evidence 
it will be assumed that the upper yield 
point is maintained at the elastic plastic 
boundary, and that the lower yield point 
obtains throughout the plastic region, as 
shown in Fig. 1 (b). 

In the Appendix the formulas are de- 
veloped for calculating M and @ at the 
four stages of plastic yielding and an 
illustrative example is presented of the 
M-¢ curve of the 8SWF67 section having 
handbook dimensions and a minimum 
specification yield point of 33 ksi. 

Figure 2 shows this M-¢ curve along 
with the M-@ curve for a rectangular sec- 
tion having the same depth and the same 
section modulus as the 8SWF67, 9 in. deep 
by 4.474 in. wide. 


Shape of Cross Section 
The ratio of the limiting moment with 


3000 
| aM, 
Rectangular 
2500 + section | + 1 + + + . + 
8 W67 MzLISxM, 
‘Yield enters (veld within? 
enc | _web ot neutral axis) 
Initial 
x 
2 
1500 + 
x 
£ 
2 
> 
M-Q@CURVE FOR 8W67 and 
500}, . for equivalent rectongulor section 
having the some depth ond some 
a H | section modulus Oy ossumed 33KSI. 
ie) 0.1 0.2 03 04 05 0.6 0.7 08 
im RADIANS x 1075 
per inch 
Fig. 2 
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the whole section assumed plastic (M,), 
divided by the moment at initial yield 
(M,), is sometimes called the “shape 
factor’’ of the section. This is an index of 
the plastic reserve strength of a particular 
cross section, being 1.50 for the rectangular 
shape and 1.15 for the 8WF67 section, both 
of which have the same moment at initial 
vield. 

As typified in Fig. 2, the I-beam or WF 
shape has an M-¢ curve with a sharp knee 
at moments .5 to 15°% larger than the 
maximum elastic moment. Thereafter, 
@ increases very rapidly at nearly con- 
stant moment and the beam becomes, in 
effect, a “plastic hinge.”” The computa- 
tion of ultimate or collapse loads of con- 
tinuous frames is simplified by assuming 
the development of plastic hinges at suc- 
cessive locations of maximum moment 
in the structure. : 


Local Buckling 


If the outstanding parts of the flange 
buckle before reaching the yield point, or, 
if plastic buckling occurs shortly after the 
section yields, the full contribution of the 
plastic hinge to the ultimate strength of 
the continuous frame will not be realized. 
However, all currently rolled structural 
shapes as listed in the A.J.S.C. Handbook 
have a flange thickness sufficient to insure 
against elastic buckling, and will develop 
the full yield strength of structural steel. 
However, if higher strength or nonferrous 
alloys are used, or if thin sections are built 
up by welding, the problem of local buck- 
ling should be given consideration as has 
been done in a recent investigation .® 


Residual Stresses 


Residual stresses are generally thought 
to have little or no effect on the static 
strength of structural steel members. In 
many demon- 
least one investi- 


instances this has been 
strated; however, at 
gator® has reported a lowering of buckling 
strength due to internal stresses caused by 
welding. After completing pilot tests of 
this investigation, the suggestion was 
made that residual stresses caused by 
rolling might be responsible for the non- 
uniform strain distribution that was ob- 
served. Therefore, the regular tests in- 
cluded specimens that were stress-relief 
annealed after welding of test fixtures. 


PILOT TESTS 


The initial pilot test was made on an 
SWF40 beam of 12-ft. span, simply sup- 
ported and loaded at the third points 
(Fig. 3). 
beam were located 18 electric strain gages 


Around the center section of the 
aus shown in Fig. 4. The load was applied 
to the beam through bearing blocks resting 
on the top flange and the web was stif- 
fened under the load with */s-in. plates 
welded perpendicular to the web. 


540-s: 


Upon testing this specimen it was ob- 
served that, when the elastic limit of the 
beam was passed, the strain across the 
center section no longer followed a 
straight line variation. The strain in the 
compression flange remained relatively 


Yi 


constant from the 46 to 52 kip load whi). 
the strain in the web and tension flang, 
progressed and the neutral axis moyo, 


toward the tension flange. This phenom. 
enon can be observed in Fig. 4 This 


figure also shows that the neutral ays 


Section A-A 


a 12’ t 
WY 
Fig. 3, Set up of pilot tests 
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General test setup 
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Fig.6 Dimensions and properties of cross section of beams 
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Fig. 8 Representation of how resid- 
measurements were ob- 


ual strain 
tained 
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Fig. 10 Stress-strain curves for physical property coupons 
of 8WE4#0 pilot test beam 


Fig. 9 Stress-strain curves for physical property coupons 
of 8WF31 pilot test beam 
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Fig. 11 Stress-strain curves for physical property coupons Fig. 12  Stress-strain curves for physical property coupons 
of 8WF40 as-delivered beam of 8WF40 stress-relieved beam ‘ 
40} #0 
a a? 
< 24 2 24 
2 z 
16 x 16 7 6 5 
Note 
8 T 8 - 1,3,4,56 Tension 
Note 
13,456 tension 2,7 Compression 
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STRAIN STRAIN 
Fig. 13 Stress-strain curves for physical property coupons Fig.14 Stress-strain curves for physical property coupons 
of 8WF67 as-delivered beam of 8WF67 stress-relieved beam 
moved back toward the centroidal axis of nection by bringing the load directly into PREPARATION OF SPECIMENS 
the beam at higher per cent strains. The the web as is depicted in Figs. 5 and 7. Initial P - 
pilot test developed less plastic strength This method of applying the load to the serie mata rianenceel 
than that calculated. This fact, together beam differed from the flange bearing block Except for the stress-relief annealing ™ 
with the nonlinearity observed in the method used in the pilot tests, as pre- process each beam was prepared for testing 
strain distribution, led to the decision by viously described and as shown in Fig. 3. in the same manner. Upon receiving the 
the committee to carry out a more de- a 
tailed study of additional beam tests. 5 
2° 
The four “regular tests’ had as objec- ~ | 3 
tives: (1) to thoroughly study the strain 
pattern throughout the beam for increas- t 
ing degrees of plastic development, and 
(2) to compare the M-@ curves obtained 
from ‘tests with theoretical curves pre- 


<= «<a Type Goge 
AX-5 Type Gage 
= = A-5 Type Goge 


dicted from tension and compression ~— 
tests. 
Two variables were incorporated into 
the four tests, namely: (1) the effect of 
residual stress, and (2) the effect of the 


geometry of the section on its behavior. 
To obtain these variables two 8WF40 and 
two SWF67 beams were tested and in each 


SECTION: SECTIONG SECTION J 


weight one beam was tested in the as- LOCATION 

delivered condition and the other was OF o 

stress-relief annealed prior to testing. ELECTRICAL ; 
The method of load application was STRAIN GAGES 

made to simulate a beam-to-girder con- -. ge FIG. 15 
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beams in the laboratory they were weighed 
and measured. The cross-sectional area 


was determined from the weight and 
length and used to check the direct 


measurements by micrometer calipers. 
The dimensions and calculated properties 


of the sections are shown in Fig. 6. 
The load-carriers and stiffeners over the 


supports (Figs. 5 and 7) were welded in 
position and then the beams to be stress- 


relief annealed were delivered to the shop 


for this process. The next step was to de- 
termine the residual strains in the beams. 


Residual Strain Measurements 


- The specimens had been ordered in 19-ft. 


lengths, 4 ft. longer than required for the 
beam tests. This four extra feet had the 


twofold purpose of being used for residual 


Fig. 16 General view of typical test setup prior to testing train tests and also a upons for phys 
‘sts also as coupons 


ical property tests. The following pro- 
cedure was used in determining the resid- 


ual strains in the beams. ° 
On the 19-ft. length the 15 ft. required 
for the beam test was laid out from one 
end. Adjacent to this (Fig. 8) the de- 
sired number of 10-in. gage lengths were 


laid out around the beam section and the 
Whittemore strain gage holes were drilled, 


~ 


prepared and a complete set of readings 
taken around the section. The portion A 
in Fig. 8 was then sawed out of the 19-ft. 
length, and finally all the gage lengths 
were isolated by sawing '/, in. on either 
side of each pair of holes. Readings were 
then taken on these isolated lengths and 
relaxation of strain computed. Although 


the accuracy of the method was not per- 
fect, the results obtained indicate the mag- 
nitude of the residual strains in the beams. 

In the first beam tested for residual 
strains (SWF40 as-delivered), measure- 
ments were taken only for one half of the 


Fig. 17 Same as Fig. 16 after testing 


section with a few check points on the 


) _-8WF40 BEAM other half. However, it was decided after 
— specimens that followed either 44 or 46 
“1000 CALCULATED INITIAL + BEAM — points of measurement were used. 
a YIELO 
5 
2 — —— Theoretical Curves Physical Property Tests 
500 The remaining 3 ft. of the original 19-ft. 
THEORETICAL AND EXPERIMENTAL length was used to make physical property 
MOMENT- ® CURVES coupons which would be, of course, rep- 
FOR PILOT TESTS resentative of each beam. Seven coupons 
FIG.18 were taken from each section located as 
° -—4 shown in Figs. 9 to 14, which present all 
0.000125 @ IN RADIANS PER !NCH 
stress-strain curves. The upper and lower 
yield points of the web and flange were 
used in equations 2 to 8 (Appendix) to de- 
Table 1—Average Results of Tension and Compression Tests, Ksi. termine the theoretical curves. Table 1 
gives a summary of the average physical 
8WF31, 8WF40, 8WF40, 8SWF40, SWF67, SWFE6?, properties of all the coupon specimens. 
as- as- as- an- as- an- As shown by Figs. 9 to 14, tension and 
delivered nealed_ delivered  nealed compression tests were usually in close 
\o or © tests, av. 8 36.85 35.53 14.38 39.40 = 
agreement : ‘T-all average 
curw (one test) 40.50 32.40 37.40 34.65 49.40 47.20 a 
oxyr (5 or 6 tests, av.) 39.04 32.98 36.50 34.96 43.93 39.20 six flange coupons was used to determine | 
oLyw (one test) 40.50 32.20 37.20 34.65 49 20 46.30 cvyr and ozyr as used in calculating the 


theoretical M-@ curves. 
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NOTE: Letters 4,B,C,D, @E designate discontinuities 
in testing varying in length from 4 to 2 days 
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THEORETICAL AND EXPERIMENTAL 
MOMENT — @ CURVES 
FOR 
8W40 BEAMS 
FIG. 19 
0.0001 @ IN RADIANS PER INCH 


An O. 8. Peters strain gage of 2-in. gage 
length was used for tension tests and two 
Huggenberger tensometers were used for 
compression specimens. A modulus of 
elasticity of 30,000 ksi. was used in all cal- 
culations and was representative of the 
test results. 


Electrical Strain Gages 


The next step in the preparation of the 
beams prior to testing was to lay out the 
electrical, SR-4, strain gage locations. 

In order to thoroughly study the strain 
pattern developed around the loading 
point and the region of pure bending, 141 
electrical strain gages were mounted on 
each beam specimen in the pattern shown 
in Fig. 15. Gages were mounted only 
on one half of the beam, since the re- 
sults obtained should be similar in both 
sides. AX-5 gages were used along with 
uniaxial gages in the vicinity of the 
load carrier to allow a complete study 
of strain that might develop from bend- 
ing, shear or be the result of the concen- 
tration of load in the area. Uniaxial 
gages were mounted along the beam at 
various points to permit measurement 
of the longitudinal strain across different 
sections in the pure bending region, and to 
enable a study to be made of any change 
in strain pattern along the beam which 
might be attributed to the position of the 
section in this pure bending region. 

After completing the mounting of SR-4 
gages and their wiring, the specimens were 
ready for testing and were set up in the 
300,000-lb. Baldwin-Southwark hydraulic 
testing machine. A Baldwin-Southwark 
Type K strain indicator was used to 
measure strains in conjunction with switch 
boxes made at the Fritz Laboratory. 
Figures 16 and 17 are photographs of the 
complete setup before and after one of the 
tests. 


Deflection Gages 


As illustrated in Figs. 5 and 16 deflec- 


tions were measured at nine points along 
, the beam by means of dial gages. Three 
of these dial gages were mounted in the 
pure bending region of the beam to enable 
calculations to be made of the rotation or 
angle change due to the applied moment 
in the section and to allow plotting of ob- 
served M-@ curves for all the beams. 


Lateral Bracing 


In the pilot tests considerable lateral 
deflection, as well as twisting, developed 
as the beam progressed into the plastic 
range. Lateral bracing was supplied to 
the regular test specimens by forming an 
adjustable, vertical passageway for the 
beams as is illustrated in Fig. 5. The 
distances between the guide plates at the 
bottom and top were carefully measured 
to be sure that the plates were parallel as 
well as vertical, to insure against pinching 
of the beam as it deflected. These plates 
were also greased so that friction between 
the vertical slides and the beam would be 
minimum. 


Whitewash 


The final preparation prior to test was 
to paint slaked lime whitewash on the 


beams. This whitewash served 
in studying the progression o} 
throughout the specimens. 


TEST PROCEDURE 


The testing procedure for all t} 
mens Was as Similar as possible. Ho. 
regular test 1, SWF40, as-deliver 
run at perhaps a slower rate this 
justified. This factor, along wit 
avoidable interruptions in the test, and ¢} 
length of time involved in recording 
141 strain gage and nine deflectio: 
ings, caused the test to extend over 
period of approximately two weeks.  Be- 
yond the yield point there were observe: 
numerous 


discontinuous increases jy 
strength of the member which are attri} 
uted to strain aging. 

The remaining three beam tests 
planned so that it would not be necessary 
to interrupt the early stages of plastic «i 
velopment, thereby reducing strain ag 
as much as possible. To accomplish thi 
the tests were carried to within a saf 
margin of the calculated elastic limit 
the first day of testing and the entin 
second day was used to carry the test 
into the plastic region. In comparison to 
the first test the other three extended oy: 
the following lengths of time: SWF40 
annealed, 2 days; as-delivered, 
3 days; 8WF67 annealed, 4 days. 

In all the tests, readings were recorded 
when the deflection of the beams stopped 
or the rate of deflection became a negligib|: 
amount. for a particular load.* Strain and 
deflection were also recorded at intervals 
before these values were reached to indi- 
cate the progression of yielding unde: 
constant load. To obtain readings whic! 
would give the strain and deflection pat 
tern for the entire beam at a particular i 
stant even though the beam was in tly 
process of yielding, the load was dropped 
slightly to stop yielding. Then a complet: 
set of readings was recorded. The amount 
that the load had to be dropped to accom 
plish this was small and the reduction in 


* An equilibrium condition was assumed whet 
the deflection in the center did not increase mort 
than 0.02 in. in 30 min. 
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Fig. 24 Strain on various cross sections along stress-relief annealed 8WF40 beam 


strain, at the elastic rate, was a 1 
value which could not be seen 
plotted curves. 


cligible 
the 


When it became necessary to into, 
the testing for a considerable len ;} 
time, overnight for example, the hy 
testing machine was shut down wit}; +) 
load left on the specimen. This wa 
to keep as much load on the speciney 
possible to prevent any recovery {h; 
might tend to occur. However, 
period of 12 hr. the load would deroy to 
about two-thirds of the original valuc. diy 
to gradual seepage of oil from the hydraulic 
testing machine loading cylinder. 

All tests were carried far enough so that 
the beams should have developed nearly 
all of their ultimate plastic hinge value 
prior to general strain-hardening. 


r a 


TEST RESULTS 


Results of the moment-curvature rela- 
tion, or M-@ diagrams are presented in 
Figs. 18-20 for the pilot tests, 8WF40 
tests and 8WF67 tests, respectively. Ac- 
tual test curves are compared with curves 
determined theoretically by the procedure 
outlined in the introduction and appendix. 
These curves illustrate the bending be- 
havior of the specimens and determine 
their plastic hinge value. 

Longitudinal strain gage data at various 
loads are presented graphically for typical 
test results as follows: 

Fig. 

21 Strain across flanges of SWF67 as- 

delivered beam 

22 Strain across flanges of SWF67 

annealed beam 

23 Strain on various cross sections 

along as-delivered SWF40 beam 

24 Strain on various cross sections 

along annealed 8SWF40 beam 

25 Strain distribution along tension 

flange of SWF 67 beam 

26 Strain distribution along compres- 

sion flange of SWF67 beam 


In each of the three foregoing categories 
the data from one beam size is omitted, but 
is available in the original report at Fritz 
Laboratory. Figures 21 and 22 show the 
strain distribution on the flanges of the 
8WF67 beams at various loads and de- 
grees of plastic development. The 46,300- 
lb. load is approximately equivalent to a 
maximum fiber stress in the beams of 
20,000 psi., whiie the subsequent loads for 
plotting curves were chosen at or above the 
apparent elastic limit of the material. 
There appears to be little if any difference 
in the curves for the stress-relief annealed 
and the as-delivered beams which might 
be attributed to residual stress, except 
around the load carrier, where residual 
stresses of apparently greater magnitude 
than elsewhere existed because of welding. 
(Note the surface yield lines shown in Fig. 
27.) 

The strain distribution at points along 
the SWF40 beams for different loads and 


Luxion, Johnston—Plastic Behavior of Beams ResearcH SUPPLEMENT 


ANsH 


3 J 
| 
# 
8 
| 
— 
=x 
\ 
\ 
x - 
ia | | | | 
| 
| 
ng 
| 
LOAD = 
44,000 
| 
| 
48,000 | 
4 | : 
| | ' 
| 
| 


® 00¢‘00r-O— 
00¢‘00Ii-e— 


JONV13 294M8 
JONV14 NOISSSYdWOD SNO1V 


NOILNEINLSIA NIVYLS 92914 


©00¢'901 -o— 

-e— 

00 ¢'98 


14 


| 
| 


| | | | 
| | | 
| | | | | 
9 3029 4 9 309 
H 
 ~pejoauuy | pavaniiag-sy 
Cr 
JONV 13 NOISS3YdWOD / 
apis 
apis 


apow 

S@AIND ay} UI Pasn 

YdIYM 4O 

Buimous 


4 voisuas apis SWV39 Z94M8 4O 3ONV14 NOISN3L 


PUD BAIND 
4 uolssasdwo4y 


pajowisse 

—-— 
© 00¢'00iI—o— 
00¢‘00i—e— 


SNOW NOILNEIYLSIO NIVYLS 


@ oo¢ 3901 -o— 
00¢'90! -e— 


| 
ae T O10 | T 
apis 
9000 |_| 
2000 | 
9000 ! 
4 | 
a / | 
| | | 
| | apis | 
| | | = | | | 
| apis 
9 3 9,8 saddn 9 3 
+ 
| | SONVTS NOISNSL 
pajoauuy 


apow 
ays UI Pasn 
Sjuawasnsoew 
4O 


Buimoys 


Plastic Behavior of Beams 


Luxion, Johnston 


NOVEMBER 1948 


gible 

rupt 
f +B + + + oO oO 
tulir | mm 
‘one | 

nat oO} | 

» to + 4 4 
| “Sy he 

due \\ 
ulic 

hat N N o 

| 

| 

| 

| 

la- —— | | 
a 

| 

18 
al 

4 

| 

aoe 

| 

4 tin 

t 

J 

/ : 


Fig. 27 Surface yield lines produced by welding load carrying stiffeners 


degrees of plastic development are shown 
in Figs. 23 and 24. The values plotted in 
these figures are averages of all the gages 
occupying the same position vertically on 
the section. These curves show no ap- 
preciable difference which might be at- 
tributed to the variables studied, except as 
mentioned before there is initial yielding 
around the load points at a much lowe! 
load in the as-delivered beams than the 
annealed beams. It can be observed in 
these figures also that the strain distribu- 
tion even in the vicinity of the load point 
is linear through the elastic ranges but 
that once the yielding starts there is con- 
siderable deviation from linearity. These 
figures also illustrate the change of strain 
pattern or flow of the material undef a 
particular load. For example, in Fig. 23 
there are shown two sets of curves for the 
load of 50,500 lb. obtained before and 
after a lapse of time. As can be seen 
from these curves, yielding at Section J 
did not occur until yielding at sections 
B, C, E and G had very nearly stopped. 
Progression of vielding under one particu- 
lar load is also illustrated for the annealed 
SWF40 in Fig. 24. (See also Figs. 32 and 
33.) 

A study of the degree of yielding along 
the beams is depicted by Figs. 25 and 26. 
These figures show the average strain de- 


veloped in the flanges of the 8WF67 beams - 


under increasing loads. Here also is 
shown that the point of maximum plastic 
strain does not occur at the loading point 
but rather that yielding seems to be re- 
tarded in this section and the region of 
maximum yielding occurs from about 6 in. 
inside the loading point to the center of the 
beams. However, there was appreciably 
more yielding at the load point in the as- 
delivered beams than in the annealed 
beams. 

The residual strains caused by rolling 


and handling in the as-delivered and 
stress-relief annealed beams as determined 
by the method previously described are 
presented in Figs. 28 and 29. The sections 
at the top of these figures are oriented so 
that referring to the test setup the person 
is looking at the left end of the beam to- 
ward the far end. Subsequently the views 
labeled B are taken looking into the near 
side of the beams as shown in various 
figures illustrating the test setup. All 
figures portraying strain are oriented in 
this way so that the strain measured under 
load may be studied and compared directly 
with the residual strain patterns. 


Progression of Yielding Indicated 
from Whitewash 


Since in a general manner the progres- 
sion of yielding in all the specimens was 
similar, a complete discussion of the pro- 
gression of vielding observed in one of the 
beams will be representative of all. 

The following is the complete history of 
yielding in the 8WF67 stress-relief an- 
nealed beam, Test 4, as observed by 
cracking of the whitewash on the beam. 

At a load of 90,300 lb., the first sign of 
yielding appeared on the compression 
flange at the loading point of the beam. 
When the load was increased to 94,300 
lb., indications of yielding occurred on 
both the top and bottom of the compres- 
sion flange in the vicinity of the load point, 
and initial yielding appeared in the com- 
pression flange inside of this region as is 
shown by Fig. 30 (a). These yield lines 
appeared simultaneously on the bottom 
and top of the compression flange. Figure 
30 (b) shows the yield lines in the com- 
pression flange 1 hr. after applying 96,300 
lb. to the beam, and Fig. 30 (c) gives the 
same view several hours later at the same 
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load. Figure 31 (a) shows the condition 
in the region of the load carrier at the same 
time. Both Figs. 30 (c) and 31 (a) were 
taken after the beam had stopped viel ling 
under the applied load. One hour after 
the application of 98,300 Ib., the beam 
appeared as is shown by Figs. 31 (4), 32 
(a) and 33 (a). 

After a lapse of 5 hr., the final yielded 
condition under the load of 98,300 |b. js 
shown by Figs. 32 (6b) and 33 (6). Figures 
32 (c) and 33(c) show the beam !/, hr 
after application of the ultimate load of 
100,300 Ib. Finally Figs. 34, 35 and 36 
show the beam at the completion of the 
test. 

The similarity of the progression of 
vielding in the different tests is shown by 
Figs. 37 to 40. Figure 37 shows initia! 
vielding and Fig. 38 the final appearanc: 
in Test 1 of the SWF40 as-delivered beam 
Figure 39 shows the final appearance of the 
SWF40 stress-relief annealed beam, and 
although no pictures are available it can 
be stated that yielding first appeared in 
the form of flaking whitewash at the same 
location as it occurred in the as-delivered 
beam of this weight, and as shown by 
Fig. 37. Initial yielding in Test 3 of th 
SWF67 as-delivered beam, as observed 
from the whitewash, occurred at the junc- 
tion of the web, bottom flange and load 
carrier. Final appearance of this beam is 
shown in Fig. 40. 

In general with regard to the yielding 
of these beams it can be said that yielding 
first occurred in the vicinity of the load 
point, although it did not spread into th 
pure bending region from this point 
Secondly, yielding would appear at 
point on the top flange inside the loading 
points and spread throughout the top 
flange and into the web to some degree 
before indication of yield lines would 
appear on the bottom flange. This pro 
gression would continue, then, until it 
reached the final condition as shown in 
previously mentioned figures. 

Not all of the studies to be made of thes 
tests results have been completed for this 
first progress report. A study of the local 
stresses near.the load bearing stiffeners 
and the complete deflection curve results 
are omitted. 


SUMMARY AND CONCLUSIONS 


The agreement between the experi 
mental and calculated M-@ curves is as 
good as could possibly be expected in th: 
case of tests 2 and 4 of the annealed 
SWIF40 and 67 beams, respectively, 
shown in Figs. 19 and 20. The test M-o 
curves for the two pilot tests are somewhat 
lower than the curves calculated from th« 
stress-strain diagrams; however, the pilot 
tests differed from tests 2 and 4 in the 
following respects: (1) Pilot test beams 
were not annealed, (2) were not laterally 
supported and (3) were loaded with bear- 
ing blocks through the top flange whereas 
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the regular tests were loaded by web 
stiffeners as shown in Fig. 7. 

Any or all of these factors might have 
contributed to the less-than-theoretical 
strength of the pilot tests, hence, no defi- 
nite conclusion can be given from the 
foregoing comparison. 

Test 1 may be compared with Test 2, 
the principal difference between the two 
being that Test 2 was annealed and Test 1 
was not. As shown in Fig. 19, the agree- 
ment between Test 1 and the theoretical 


Fig. 31 (a) Test 4, underside of compression flange at load Fig. 31 (b) Test 4, same view as Fig. 31 (a), after 1 hr. of 


(ce) 


curve is good but, as previously discussed 
Test 1 consumed over a 2-wk. period and 
there are evidences of strain-aging at 
locations marked A to F on Fig. 19. Had 
Test 1 been run at the same speed as Test 
2, the agreement with the theoretical prob- 
ably would have been poorer. 

Tests 3 and 4 in Fig. 20 may be com- 
pared on the basis that only one difference 
existed between the tests, that of residual 
stress levels. The strength of the as-de- 
livered beam in Test 3 was definitely less 


carrier, 96.3 kip load, after yielding had stopped 
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yielding at 98.3 kips. 


Fig. 30(a) Test 4, 8WF67, annealed 
compression flange, after initial yield- 
ing at 94.3 kips. 

Fig. 30(b) Same view as Fig. 30 (a), 
after 1 hr. of yielding at 96.3 kips. 
Fig. 30(c) Same view as Fig. 30 (a), 
after several hours at 96.3 kips. Yield- 
ing had virtually stopped 


than that predicted from the stress-strain 
data. As shown in Fig. 29 the residual 
stresses had maximum values of about 12 
ksi. in both flanges and in the web of this 
beam. 

The apparent effect of residual stresses 
in producing less-than-theoretical plastic 
moment capacity, in the case of Test 3, is 
largely discounted in practical importance 
by the fact that, in Test 4, in spite of the 
excellent theoretical agreement, thy 
strength is nevertheless lower than the 
strength of the as-delivered beam of Test 
3. This is due to the fact that the anneal- 
ing generally lowered the yield strength of 


the material at the same time that it re- M- 
duced the residual stresses. cul 
The observed and calculated moments be: 
at initial yield, based on upper yield point, tre 
and after general yielding, influenced co 
primarily by lower yield point, are pre- pr 
sented in Table 2. Although the ‘“ob- yi 
served” initial yield moment cannot be Ti 
evaluated with much precision from the th 
Ww 

n 

a] 
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M-@ curve, the agreement with the cal- 
culated value is good for the annealed 
The “plastic moment,” arbi- 
trarily evaluated when the yielding had 
come within 2 in. of the neutral axis, was 
practically constant after this amount of 
yielding. The poorest agreement was in 
Test 3 of the as-delivered 8WF67, where 
the plastic moment determined by test 
was 93% of the calculated moment. In 
no case was the observed plastic moment 
appreciably greater than the calculated 
value. 

As explained in the introduction, the 
theoretically calculated curves were based 
on the assumption that the upper yield 
point was maintained in the elastic region 
adjacent to the theoretical plastic bound- 


beams. 


ference between the upper and lower yield 
points and therefore the inappreciable 
effect on the theoretically calculated M-@ 
curves, no conclusion on this question can 
be based on these test results. The fact 
that surface yield lines developed simul- 
taneously on both surfaces of the upper 
flange would indicate that the upper yield 
point is not maintained after initial yield- 
ing, for, if it were, one would expect yield- 
ing to progress slowly from the outer to 
the inner surfaces of the flanges. 

Another factor, that according to some 
investigators’ might be expected to in- 
fluence the test results, is a supposed in- 
crease in yield point attributed to a non- 
uniform elastic stress distribution. Others 
have disputed the foregoing proposition 


Fig. 32(a) Test 4, top of compres- 
sion flange after I hr. of yielding at 
98.3 kips. 


Fig. 32(b) Test 4, same view as Fig. 

32 (a), after 5 hrs. yield at 98.3 kips. 

Fig. 32 (c) Test 4, same view as Fig. 

32 (a), '/2 hr. after applying maximum 
load of 100.3 kips. 


phenomenon is primarily due to an un- 
stable upper yield point which may be 
increased to an exaggerated degree under 
unusual conditions of smooth surface 
finish, precise loading, etec., obtained in 
Certainly 
the tests reported herein give no evidence 
of an appreciably increased strength due 
to nonuniform stress distribution or to any 


specially machined specimens. 


other cause and the question appears to be 
of academic interest. 

The gradual spread of 
zones of yielding has been fully discussed 
under “test results.” 

Of importance to the calculation of ul- 


intermittent 


timate or collapse strength of frames is the 
graphic illustration in Figs. 18 to 20 of the 
fact that the plastic moment or hinge 
moment of the beams was practically con- 
stant over a range of deflection and unit 
angle change, ¢, of more than eight times 
the elastic range of the beams. 

Some of the more important conclu- 
sions in the foregoing remarks are sum- 
marized as follows: 


1. The M-@ curves for 
steel beams, laterally supported, 
can be predicted satisfactorily 
from the stress-strain tensile test 
curves and the usual theory of 
plastic on the 
assumptions of uniform distri- 


structural 


bending based 


ary. However, in view of the small dif- and have sought to demonstrate‘ that the bution of yield and strains pro- 
Table 2—Summary of Test Results 

Initial yield moment, Ratio: Ratio: 

Internal stress Kip-in. Obs. I.Y.M. Plastic moment,* Kip-in. Obs. P. M. 

Test No. Section condition Calculated Observed Cale. I.Y.M. Calculated Observed Calc. P. M. 
Pilot-1 SWF31 As-delivered 1117 1012 0.91 1182 1145 0.97 
Pilot-2 SWF40 As-delivered 1250 1037 0.83 1330 1260 0.95 
1 SWF40 As-delivered 1301 1258 0.97 1430 1405 0.98 
2 SWF40 Annealed 1255 1243 0.99 1366 1340 0.98 
3 SWF67 As-delivered 2750 2285 0.83 3104 2900 0.93 
4 SWF67 Annealed 2441 2585 1.06 2783 2780 1.00 


* Arbitrarily taken as moment when yielded region had theoretically progressed to within 2 in. of neutral axis. 


degree of yielding is near the maximum for no strain hardening. 
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portionate to the distance from 
the neutral axis. 
Agreement 


no 


between experimental 

and theoretical M-@ curves, as 

calculated from the test coupon 
strength, was better for annealed 
beams than for as-welded beams. 

3. Stress relief annealing 
lowering of overall static bending 
strength. 


causes 


4. The tests give no evidence of in- 
creased upper yield point or in- 
creased bending strength due to 
the 
tion in bending. 


nonuniform stress distribu- 


Appendix 
CALCULATION OF M-¢ CURVE 


As stated in the Introduction, the cal- 
culated moment at initial yield of the 
beams was assumed as corresponding to 
the load at which the extreme fibers of the 
beam reached the upper yield point of the 
flange material. As shown diagrammati- 
cally by Fig. 41, the angle change per unit 


552-8 


(e) 


length, @, is simply the maximum longi- 
tudinal strain divided by the distance fron 
the neutral axis and may be expressed 
the 
boundary of the elastic region of the beam. 

M, and ¢; at initial yield, therefore, are 
calculated to be: 


conveniently in terms of stress at 


M, = (2) 
TuYF ‘ 
= = (3) 
c Ee 
where 
S = section modulus, in handbook 
FE = modulus of elasticity 
e. = longitudinal strain at extreme fiber 
c = distance from neutral axis to ex- 
treme fiber 
The second pair of coupled M and @ 


values is most conveniently determined 
after vielding has progressed to the junc- 
ture of the fillets and the web, a distance 
ye from the neutral axis as shown in Fig. 
1(b). At this stage it is assumed that the 
region between the distances y2 and c from 
the neutral axis are uniformly stressed to 
the lower yield point of the flange ma- 


Fig. 33 (a) Test 4, side view after I hr. 


of yielding at 98.3 kips. 
Fig. 33(b) Test 4, same view as Fiz. 
33 (a) after 5 hr. yield at 98.3 kips. 
Fig. 33(c) Test 4, same view as Fig. 


33 (a) '/: hr. after applying maximum 


load of 100.3 kips. 


The contribution of this re- 
gion to the resisting moment i¥ 


terial, opyr. 
simply 
equal to the product of the stress times the 
static moment of the uniformly stressed 
Then, after 
vielding reaches the web, the static mo- 


area about the neutral axis. 


ment of the plastic region equals that o! 

that of the ree- 

tangular web section that is still elastic. 
Letting Z = 


the whole section less 


static moment of whol 


section, Z, = wy? = static moment of the 
portion of the web having constant thick- 
ness. The contribution of the plastic 
portion to Ms is — and 
the contribution of the elastic portion is 
Suywl:/ye but = = 
Hence the total resisting moment is 
Ms = + oryr(Z — (4 
and 
_= 
Eye 


After yielding has progressed into the web 
to any distance y; from the neutral axis 
similarly computed M and @ values would 


be given by: 


M; = 2¢uywZ; + — Z2) 
+ O,yw(Z. — Z;) (6) 
Tuvyrw 
, = ; (7 
Ky 


The limit of M, as ¢ increases, and the 
whole section is assumed plastic, would be 


M, = — Z:) + (8 


Since most of the plastic strength of the 
section is realized as soon as the flanges 
have entirely yielded, the value of M, by 
Equation 8 is closely approached at @ 
ralues for which the maximum plastic 
strains are within the lower yield point 
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Fig. 37 Test 1, 8WF40 as-delivered, initial yield in compression flange at load 
carrier 
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Fig.34 Test 4, after compietion. Up- 
per surface of top and bottom flange 


Fig.35 Test 4after completion of test 
Fig.36 Test 4after completion of test. 


Lower surfacé of top and bottom 
flanges 


range prior to any general strain hardening. 
In the simply supported beam the 
deflections for usual span lengths will be 
far beyond permissible values before strain 
hardening commences in the outer fibers. 

Equations 2 to 8 illustrate the pro- 
cedure used in this report in obtaining 
theoretical M-@ curves. An illustrative 
example will now be given in which the 
procedure will be further simplified though 
slightly less accurate. Consider an 
SWF67 section, for which the A.J.S.C. 
Handbook gives: 


S = 60.4 

w = 0.575, web thickness 

t = 0.933, flange thickness 
b = 8.287 in., flange width 
d = 9.00 in., over-all depth 


Assume both upper and lower yield 
points equal to the specification minimum 
of oy = 33 ksi. and assume 2 = 30,000 
ksi. Neglect fillets, since these radii are 
not given in the handbook and the error 
will be about 1°) on the safe side. Equa- 
tions 2 to 8 for these assumptions, sim- 
plify to: 


M, = 33S 
M, = 33S — 112, 
M; = 33Z — 112 


M, = 33Z 
0.0011 
= 
0.0011 
= 
0.0011 
= 


Neglecting fillets, the static moments 
are given by 


w(d— 2t)* 


Z = bt(d —t) + 


and 
wld 
= 
Z; = 4w (assuming y; = 2 in. 
or, for the SW F67 
Z = (8.287)(0.933)(8.067) 4 
(0.575 )(7.134 
= (62.37 )(7.32) = 69.69 in 


Z, = 7.32 in. 
Z; = 3.73 in. 


Substituting these values in the expres- 
sion for M and @ 


“ee, 
dude 
— 
/ | 


Fig. 40 Test 3, 8WF67, as-delivered, after completion of test 


= Angle change 
per unit length. 


Unit length of beam. 


bending 


After bending 


. 
€= O inelastic 
\ E region 


Fig.41 Deformation of unit length of 
beam during bending 


kip-in. radians /in. 
M, = 1993.2 ¢o: = 0.000244 
M, = 2219.3 ¢: = 0.000308 
M; = 2258.8 @; = 0.000550 


M, = 2299.8 


Figure 2 shows these calculated values 
and the curve that they define. 
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Grooved Weld Joints 


® The problems of ceramic, metallic and 
composite backing strips are discussed 


by Chester R. Austin and P. J. Rieppel 


INTRODUCTION 


HE problem of developing nonmetallic backing 

strips for weld joints in alloy steel plate was investi- 

gated for the War Metallurgy Committee under the 

sponsorship of the National Defense Research 
Committee* at Battelle Memorial Institute. Consider- 
ation was given also to the development of coatings or 
washes for metallic backup strips which might obviate 
some of the difficulties encountered with the uncoated 
metallic strips. 

The primary purpose of the investigation was to im- 
prove on bare copper or steel strips as backings for root 
beads of grooved weld joints. When steel strips are 
used, they weld in place and are difficult to remove. 
Copper is an improvement over steel and has the ad- 
vantage of being easy to remove. Disadvantages of 
copper backup strips, however, are possible copper 
pickup in the weld metal, chilling which may cause 
cracking of root weld metal and difficulties in fitting 
the strips to joints. A material, presumably ceramic, 
was needed which would not cause pickup or inclusion 
of foreign materials in the weld; which would give a 
good contour to the back side of the root weld; which 
could be used with a poor fit up, and which could be 
used with either austenitic or ferritic electrodes. It was 
desirable, also, that the material should not affect the 
properties of either the electrode coating slag or the 
weld metal. 

Consideration was given to backups which might be 
used only once, and also to those which might be used 
repeatedly for both single-vee and double-vee butt 
joints. Information on the use of nonmetallic backup 
strips on single-vee welds with varying root gaps was 
desired for a variety of possible applications. 

A survey of the available information pertaining to 


Chester R. Austin was formerly Supervisor of Ceramic Research, Battelle 
Memorial Institute. P. J. Rieppel is Assistant Supervisor of Welding Re- 
search, Battelle Memorial Institute, Columbus, Ohio. 
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the use of nonmetallic backup strips for welding was 
made. In general, very little specific information was 
found which had a direct bearing on this investigation. 
Some information, however, was obtained as follows: 


1. One compdny employed Unionmelt flux as the 
backup for joints by tamping the dry flux be- 
hind the joint to be welded. 

2. Another company successfully welded pipe with 
narrow root gaps by using Alfrax No. 114 
cement, manufactured by the Carborundum 
Co. 

3. Another manufacturing company had _ experi- 
mented with the Alfrax cement, both with and 
without the addition of iron oxide. Clay: also 
was used in experimental work as the backup 
material. The results of the trials by the lat- 
ter company, however, were not available. 

4. One large company employed a wide variety of 


* 


materials, including nonmetallic substances, to 
decrease the porosity on the back side of the 
weld metal when using atomic-hydrogen weld- 
ing. 


Bockup at Root Used ——, 


Single -Vee Joint, 60° 
Flot, Grooved, Coated \ 
\ 


Included Angle, 
is’ @ 


or Uncoated Root Opening * 


Hold - Down Clamp \ / Hold - Down Clamp 


/ Test Plotle 7 


RAY) AMA 


Bocking Block or Material — / 
( brick, copper ,etc.) 


— Stee/ Jig Base 


Fig. 1 Arrangement of test plates and backup materials 
for single-vee joints 
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This information showed some promise, at least that 
ceramic materials might be used for weld-joint backings. 
The use of granular materials to back up joints attracted 
considerable interest because backing of this type might 
be applied easily to many types of joints with variations 
in joint preparation. 

During the course of this investigation, a great many 
tests of ceramic materials used as solid molded backing 
bars, and as granular tamped-in backings for both 
single-vee and double-vee butt joints, were made. The 
granular ceramic materials and mixtures of different 
materials were used in various grain sizes and in com- 
binations of grain sizes. Many negative results were 
obtained which have been summarized and included in 
this paper to guide others who may investigate this 
problem. 


BACKUP MATERIALS FOR ROOT BEADS OF 
SINGLE-VEE BUTT JOINTS IN STRUCTURAL 
STEEL 


During the first phase of the investigation, various 
materials were tested as backups for single-vee butt 
welds in structural steel. Structural steel was used for 
the initial tests because armor was strategic material at 
the time, and information was also desired for structural 
steel. 

Steel plates, 6 x 2 x */s in., were flame cut for a single- 
vee joint with a 60° included angle. These plates were 
clamped in position over the backup materials in a jig, 
as shown schematically by Fig. 1. Root openings of 
'/,, °/ig and */s in. were used. A single root weld was 
made on each backup material tested, using */j-in.- 
diam. mild-steel alternating-current coated electrodes 
(E6011) and a current of 140 to 150 amps. No pre- 
heat was used on the plates. 

Observations were made during welding regarding: 
(a) the stability of welding arc; (b) the effect that the 
backup materials had upon the welder'’s control of the 
weld pool; (c) how the backup materials reacted under 


the heat of the welding arc; (d) the fluidity of the slags 
that were formed; (e) the reactions of the backu) ma- 
terial with the weld metal. 

When the weld was completed, tests were male ¢, 
determine effort required to remove the slag and backup 
materials from the root of the weld (back side). Thy» 


appearance of the root of the weld was noted for cach 
test. 


Flat-Brick Backups 


Various types of commercial bricks were used as 
backups for single-vee joints. The plates and pieces of 
bricks were clamped in the jig so that the flat side of the 
brick backed up the joint, as shown in Fig. 1. Typica| 
standard commercial bricks were chosen which were 
representative of the various types of refractories availa- 
ble. A summary of results obtained from these trials 
are shown in Table 1. (Table 1A gives typical compo- 
sitions of the various types of bricks listed in Table 1.) 

In general, the bricks were unsatisfactory. Silicon 
-arbide brick gave the most promising results, and P. B. 
Sillimanite, Alundum No. 256, Mizzou and Jay Bee 
bricks showed some promise. 

Usually, there was considerable interaction of the 
heated part of the backup brick and the molten elec- 
trode coating slag, which made it possible to use these 
bricks only once. It was evident, however, that silicon 
carbide bricks might be used several times. 

The root (back side) of most of the single-vee joints 
made on these flat-brick backups was concave, because 
slag from the electrode coating adhered to the backing 
and filled part of the root opening under the weld metal, 
and thus the joint was not completely filled. There- 
fore, it was believed that a groove in the brick directly 
under the joint might improve this condition by allow- 
ing room for more weld metal. Several joints were 
tried using grooved bricks for backups. Also, attempts 
were made to reduce the interaction of the electrode 


Table l—Summary of Test Results Obtained Using Bricks to Back Up Root Beads of Single-Vee Butt Joints in Structural! 


Steel 
Cleaning 
Observations during welding properties Appearance 
— —Bricks tested ~ Control of arc Other, at of 
Classification Identification and weld pool pertaining to backup weld root weld root 
Insulating* Standard Silocel; Super Silocel; Poor Boiled and mixed with Poor Poor 
C-22; A-25; K-30; K-28; k- weld metal 
26 
Basic* *  Periclase; Forsterite; H. W. R. Poor to fair Boiled and mixed with Poor to fair Poor to fair 
Co.; H. W. No. 290; Lofero; weld metal 
Ritex 
Fireclay and kaolin* B & W 80; Tyson; E, & H. Fair Boiled and mixed with Fair Fair 
Acme; Lronton; Walsh XX weld metal some 
Neutral* Unburned Chrome; Kromag; Poor Mixed with weld metal Poor Poor 
and Lavino ‘ 
Mullite* Corhart; Champion S-1820; Poor to fair Boiled and mixed with Fair Fair 
Shamva; P. B. Sillimanite weld metal 
High alumina* Jay Bee; Mizzou; Alunite 369 Fair Boiled some Fair Fair 
Silica* Star; NM238; Remmey Poor to fair Boiled and mixed with Fair Fair 
weld metal 
Fused alumina* Alundum No. 256 Fair Boiled slightly Fair Fair 
Silicon carbide* Carbofrax Good Generally good Good Good 


* See Table 1A for typical compositions of these classes of bricks. 
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slag and the brick slag by coating the bricks with a light 
Ste Sea wash of various ceramic materials. 
sis 
AN 
Coated- and Grooved-Brick Backups 
+ 
= Grooves, '/32 to '/s in. deep and °/s in. wide, were cut 
a < 6 * 09 20 in the flat side of the silica, fused alumina and silicon 
7 carbide brick. Several of the grooved bricks of each of 
Best be these types were coated with a wollastonite wash coat- 
~ 
Material By weight 
we ‘awe “Q” brand sodium silicate 3 
= o= Water 32 
The coating was applied by holding the brick at an 
- + angle of approximately 45° and then pouring the liquid 
2 S oo i 198 ‘os mix over the face of the brick. The excess liquid 
= = nn drained from the brick, and the brick and coating were 
dried by using a gas-air torch. 
rd - ws Silicon carbide bricks also were coated with wash coat- 
5 3° NO: IS: az ings of open-hearth finishing and flushing slags in the 
e same manner. The wash coatings of the slags were 
< s made by using minus 200-mesh size slag and water, in a 
a £ = wey ratio which would deposit a thin, uniform coating of the 
© ~2 slag when poured over and drained from the brick sur- 
= 3 - «9 face. The bricks were then dried and used as backing 
S = 5 bars, as shown by Fig. 1. A summary of the results of 
eo 433 “> op | 1D these tests is given in Table 2. 
~ rhe bricks coated with the wash coating of wollasto- 
S £ - 5 nite produced better results than did the uncoated 
Bu Skee «@ 6 2 bricks; the slag on the under side of the weld was much 
. ESS LR sasier to remove. Good results were obtained with the 
S > = silicon carbide bricks, coated with open-hearth finishing 
iz ete = e and flushing slag. The root of the welds was convex in 
- 2 => = * ~ 
= | most cases, but the shape varied some with the depth 
s & ns °F E of the groove ini the backup surface. 
3 
BO Porous Plates as Backups 
s OD J 
= Hs = Porous Alundum plates with permeability ratings of 
ot ‘ ‘ or 
| 3 3.7, 19.3 and 35.8 cu. ft. per minute, respectively, were 
| + also employed as backups in the same manner as were 
the bricks described previously. The roots of all of the 
_ 4 welds made over the porous plates were very rough, and 
a ae ¢ t many gas pockets were present. The roots of the welds 
» ig 3 were smoother when plates of greater permeability were 
used. 
Refractory Backup Bars 
a % Unburned, bonded bars, */, x 1'/2 x 8 in. were made 
& from various granular materials. Sodium silicate (O” 
5S Se os -— brand) was used as the bonding medium for all of the 
ar rs E materials except for some refractory cements and ram- 
Se 4 = ming mixes which were mixed with water. The bars 
S a ~ were formed by tamping the bonded material into a 
ESS0SS9 BSo Siz €. steel mold. The top surface of most of the bars was 
= flat, but a few were made with longitudinal grooves, 
approximately °/s in. wide and '/s in. deep. All bars 
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were dried in a gas-heated oven maintained at 200° F. ing operation; usually this was accompanied by , fj). 
for4hr. After drying, several of each type of the flat ing action. The grooving or coating of these burs qiq 
and grooved bars were coated on the top face with a not affect the results appreciably. 

wollastonite wash coat, in the manner described pre- 

viously, and dried at 200° F. for 2 hr. 


-_ , Miscellaneous Loose Materials as Backups 
rhe steel plates and these backup materials were 


held by the jig, as shown in Fig. 1. The results of the Various loose materials, such as refractory cenonts 
tests are summarized in Table 3. ramming mixes, refractory ceramic materials, ani mie. 

None of these materials were satisfactory as welding cellaneous foundry materials, were tamped into + ree. 
backup strips under the test conditionsemployed. All tangular steel box placed below the root of the joint 4% 
of the bars tended to mix into the weld during the weld- form a backup for the weld in the same manner as bricks 


: Table 2—Summary of Test Results from Coated Flat Bricks and Coated Grooved Bricks Used to Back Up Root Beads of Gh 
; Single-Vee Butt Joints in Structural Steel 50) 
Cleaning 
———Observations during welding———~__ properties Appeur- 
Control of arc Other, at ance 
q Bricks used Backup <urface Coatings used and weld pool pertaining to backup weld root weld root 
; Star silica Flat Wollastonite Fair to good Boiled and mixed with Good Good — 
weld 
Star silica Groove. Wollastonite Fair Boiled and mixed with Good Fair 
: -— gm No. Flat Wollastonite Good Generally very good Good Good Test 
25 ) 
i Alundum No. Groove a-b-c* Wollastonite Good Generally very good Good Good previ 
256 
F Carbofrax Flat and groove c* Open-hearth finishing Good Generally good, boiled Good Good in Te 
“ and flushing slags a little in 
weld 
* Groove a was '/3. x 5/s in.; groove-b was !/;_ x °/s in.; and groove c was '/s x 5/gin. Groove a gave best results. ing \ 
Table 3—Results of Tests of Flat Molded Refractory Bars Used to Back Up Root Beads of Single-Vee Butt Joints ing 
in Structural Steel 
Cleaning 
—————Observations during welding—— ~ properties Appearance Coo 
Control of arc Other, at of 
Materials tested and weld pool pertaining to backup weld root weld root A 
Zircon sand, bonded* Poor Boiled, mixed into weld No test Poor tior 
Molding sand and sea coal, bonded Poor Deep melting into backup No test Poor yy 
Burned foundry sand, bonded Poor Boiled, deep melting into backup No test Poor SI 
Illinois molding sand (green), bonded Poor Boiled, deep melting into backup No test Poor brie 
Core sand, bonded Fair Boiled Fair Fair | 
Core sand, bonded and coatedt ; Poor Boiled some Poor Fair bar 
Window glass (—8 +20, —20 +60-mesh sizes), Th 
bonded Poor Boiled, mixed into weld metal Good Poor ne 
Surface clay Poor Boiled, mixed into weld Good Poor : ( , 
Surface clay, coated Poor Boiled, mixed into weld Good Poor a 
Open-hearth flushing and finishing slags (—8 - 
+20, —20 +35, and —20-mesh sizes) Poor Boiled, mixed into welds Fair Poor V ” 
Open-hearth flushing and finishing slags (—8 ml 
+20, —20 +35, and —20-mesh sizes), ; rs 
_ bonded and coated Poor Boiled, mixed into welds Fair Poor Bis 
Sairset cement Very poor Boiled badly No test Poor he 
Lava Periclase cement Poor Boiled, mixed into weld No test Poor ; «4 
RA162 Alundum cement Fair Boiled slightly Fair Fair 
RA162 Alundum cement, coated Poor Boiled Fair Fair m 
No. 562 Alundum cement Very poor Boiled, mixed into weld Poor Poor on 
No. 518 Alundum cement Fair Boiled some Fair Fair 
No. 518 Alundum cement, coated Poor Boiled Fair Fair al 
No. 563 Alundum cement Poor Boiled, mixed into weld Fair Fair d 
No. 563 Alundum cement, coated Poor Boiled Fair Fair 
P.B.S. ramming mix Very poor Boiled badly No test Poor Ir 
Plibrico ramming mix Poor Boiled some Fair Poor " 
Plibrico ramming mix Poor Boiled some Fair Fair 
Silicon carbide (—14 and —20-mesh sizes) Poor Boiled, deep melting into backup Poor Porous 
Wollastonite (—100-mesh size) Poor Boiled, deep melting into backup No test Poor . 
Dolomite (—30 and —20-mesh sizes) Poor Boiled, mixed into weld No test Poor 
Garnet (—20-mesh size) Poor Boiled, mixed into weld Poor Poor 
Feldspar (powdered) Poor Boiled, mixed into weld No test Poor 
Magnetite (—20-mesh size) Poor Boiled, mixed into weld No test Poor 
Olivine (—20-mesh size) Poor Boiled, mixed into weld No test Poor 
Fused alumina (—20-mesh size) Fair Boiled and mixed into weld some Fair Fair 
Pyrophyllite (—20-mesh size) Poor Mixed into weld badly No test Poor 
Fused magnesia (—20-mesh size) Poor Boiled, mixed into weld No test Poor 
Tale (powdered) Poor Boiled, mixed into weld No test Poor 


* Bonded, indicates that materials were bonded with sodium silicate, ‘‘O” brand (1.41 specific gravity). 
t Coated, indicates that bars were coated with wollastonite. 
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Table i—Results of Tests Using Miscellaneous Loose Materials to Back Up Root Beads of Single-Vee Butt Joints in 
Structural Steel 


Control of arc 


Backup materials and weld pool 


-—Observations during welding—— 


pertaining to backup and weld 


Cleaning 
properties A ppearance 
Other, at of 


weld root weld root 


Silicon carbide (14-mesh size) Poor Mixed in weld Poor Porous 
\Vollastonite (—100-mesh size) Poor Weld metal formed balls in backup Poor 
Cryolite (about —200-mesh size) Poor Are cut into backup, boiled badly Poor 
Fluorspar (about —200-mesh size) Poor Are cut into backup, boiled badly Poor 
(jround coat enamel frit Poor Weld metal and frit formed a slag Poor 
Cover coat enamel frit Poor Weld metal and frit formed a slag Poor 
Zircon sand Poor Sand mixed with weld, boiled badly Good Poor 
Foundry sand (burned) Poor Weld metal formed into balls Poor 
Foundry sand containing sea coal 

(green) Poor Weld metal formed into balls Fair Poor 
Illinois foundry sand (green) Poor Weld picked up sand . Poor Poor 
Core sand Poor Weld and sand mixed Poor Poor 
Gypsum plaster (CaSO,.!/.H,O), Poor Weld metal formed balls in backup Poor 
50% core sand, 50% gypsum Poor Weld appeared to be all slag Poor 
Core sand with gypsum plaster facing Poor Weld metal tended to form in balls Fair Poor 
Sairset cement Poor Backup mixed in weld Fair Poor 
Lava periclase cement, Poor Backup mixed in weld Fair Poor 
P. B. Sillimanite ramming mix Poor Backup mixed with weld, boiled Fair Poor 


and other materials were used, as shown by Fig. 1. 
Tests were made using welding conditions described 
previously. The results of these tests are summarized 
in Table 4. 

In general, these materials tended to mix into the 
weld and the weld was difficult to control. The result- 
ing welds were very poor. In some instances, the weld 
metal failed to span the root gap because of severe boil- 
ing of the backup material. 


Coatings for Copper Backup Bars 


A flat-surfaced copper bar, 2°/, X */s in. in cross sec- 
tion, and a similar bar with a groove °/s X */¢4 in. on one 
side were used for backup bars in the same manner as 
bricks and other materials, as shown by Fig. 1. These 
bars were used bare and coated with various materials. 
The welding conditions were the same as for previously 
described materials. 

Wash coatings for the coated bars were made from 
various materials of minus 100-mesh size. Water was 
mixed with these materials until a thin, cream-like con- 
sistency was obtained. In order to improve the ad- 
hesion of the coating during drying, a small amount of 
“()”’ brand sodium silicate was added to several of the 
mixtures. The coatings were then poured and drained 
over the test face of the copper bars which were held at 
an angle of approximately 50°. The coatings were 
dried thoroughly with a gas-air torch before the weld- 
ment was placed in position. The results of tests made 
with this type of backup bar are summarized in Table 5. 

The best results were obtained by using copper bars 
coated with the following compositions: 

Amount, 


Material by weight 
Wollastonite 57 
Dry powdered clay 3 
Water 40 


This coating was easy to apply, it did not hinder weld 
control, and it produced a slag deposit on the under side 
of the weld which was easily cleaned. The results ob- 
tained with the uncoated bars were not so good as those 
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obtained with coated bars, and the slag deposit was 
more difficult to remove from the root of the weld. 

The use of the flat backup bars resulted in a deposit of 
slag from the electrode coating between the bottom of 
the weld metal and the backup bar. The under side of 
the weld, therefore, was concave. The grooved copper 
bar, however, permitted the slag from the electrode 
coating to be deposited below the bottom of the weld- 
ment, and the under side of the weld was usually convex. 

Good results were obtained with the grooved copper 
bars with coatings of open-hearth finishing slag, open- 
hearth flushing slag, crushed -Super-Silocel brick, 
crushed C-22 insulating brick and a mixture composed 
of 50% crushed Battelle Memorial Institute No. 192 
insulating refractory brick and 50°% of wollastonite. 
These results were not quite so good however, as those 
obtained with the wollastonite coating. 

Effect of Grain Size on Wollastonite Coating. As 
described in the previous paragraphs, excellent results 
were obtained with copper bars coated with a wollas- 
tonite wash coating. Work was continued along this 
line to determine the effect of the grain size of the coat- 
ing on the efficiency of the backup strip. The particle 
sizes investigated were: (1) minus 100- to plus 150- 
mesh size, (2) minus 150- to plus 200-mesh size and (3) 
minus 200-mesh-size materials. The coatings were pre- 
pared, applied on the copper bars and tested in the man- 
ner described previously. 

Best results were obtained with the coating which 
contained the minus 100- to plus 150-mesh size wollasto- 
nite when the coating was applied to a dry weight of 0.3 
to 0.4 gm. per square inch. The results obtained by us- 
ing the minus 150- to plus 200- and the minus 200-mesh 
materials, however, also were good. 

Antispatter Compound as Coating for Copper Backup 
Bars. A commercial antispatter compound was used 
as a brush coating for the copper bars in the same man- 
ner that wollastonite was used. 

The welds which were made over the flat copper bar 
coated with about '/ in. of this material were easy to 
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—————Observations during welding ~ 
Control of arc 
and weld pool 


Coatings used on flat and 
grooved copper bars 


Table 5—Results of Tests of Various Coatings on Flat and Grooved Copper Backup Bars for Root Beads of Single-Vec Butt 
Joints in Structural Steel 


pertaining to backup 


egated- 


F. 
sults of 
Cleaning 
rhe 1 
properties A ppeara 
Other, at of and stu 


weld root weld root’ 


cleanin; 


Control test with no coating Good Generally satisfactory Fair Good re RS 
Wollastonite —_ Very good Generally very satisfactory Very good Very good The 01 
Open-hearth finishing slag Good Boiled slightly Good Good move f 
Open-hearth flushing slag Good Generally satisfactory Good Very good 
50% wollastonite and 50% open-hearth finishing ones 
slag Good Generally satisfactory Very good Good welding 
50% wollastonite and 50° crushed Silocel Good Generally satisfactory Good Good 
Surface clay Good Generally satisfactory Good Good bricks. 
Crushed Super Silocel Good Generally satisfactory Good Good 
50% wollastonite and 50° crushed Super Silocel Good Generally satisfactory Good Good —_—_ 
Crushed K-30 brick . Good Generally satisfactory Good Good Table ¢ 
25°) crushed K-30 brick, 25°% surface clay, 25°% 
wollastonite, and 25% finishing slag Good Generally satisfactory Good Good 
50% crushed B.M.1. No. 192 brick and 59° wol- 
lastonite Good Boiled slightly Good Good 
“QO” brand sodium silicate Poor Mixed into weld Good Fair 
Crushed C 22 brick Good Generally satisfactory Very good Very good Car 
50° erushed C 22 brick and 50°) wollastonite Good Generally satisfactory Very good Very good Pd 
Cryolite Poor Too fluid Very good Good Pd 
50°, eryolite and 50°% wollastonite Fair Boiled slightly Very good Good Peri 
Flint (powdered) Good Generally satisfactory Good Good Per 
20°, eryolite, 80°, wollastonite Good Boiled slightly Good Good ley 
Fluorspar Good Boiled slightly Good Good lay 
40° » Wollastonite, 40% flint and 20° ervolite Fair Boiled badly Good Fair No 
Wollastonite (—100 +150 mesh) Good Boiled slightly Good Very good No, 
57°, wollastonite, 3% dry clay and 40° water Good Boiled and mixed into weld Good Good No 
P. B. Sillimanite (—100 mesh) Good Boiled some Very good Good No 
Mi 
* Welds made on coated flat copper bars all tended to be concave at the root. Those made on coated grooved copper bars tended to ro 
be flat or slightly convex at the root. Fo 
control and easy to clean. The root of the weld was nating-current coated electrodes (E6011), and a current mC 
smooth and was slightly above the bottom edge of the of 140 to 150 amps. No preheat was used. was U! 
+W 
plates. Observations were made during and after welding as A A 
rm . ee + 
rhe welds made over the grooved copper bar coated in tests with single-vee weld joints. sR 
With a '/3:-in. layer of the material were easy to control 
and easy to clean. The root of these welds was smooth : e 
Brick Backup Bars lable 
and was nearly level with the bottom edges of the plates. 
In general, these materials gave reasonably good re- Backing bars were cut from commercial silicon car- 
sults which were similar to those obtained with the bide, fused alumina, basic and fireclay bricks to fit into 
wollastonite coatings used. The root of the single-vee one-half of the double-vee joints, as shown by Fig. 2, 
welds, made over these materials, tended to be more and to provide root openings of '/4, °/is and */s in. wide Be 
concave than those made over the wollastonite coating. One series of tests was made by welding directly upon De 
A chemical analysis of the material showed an alumi- the bricks, and a second series was made on the bricks Fe 
num oxide content of 39% and no calcium oxide. A coated with a wash coating of wollastonite. The s 
cursory microscopic examination indicated that the M 
N 
base material was probably a clay of the kaolin type. take r--star Spt N, 
Used With Bockup Bors of os 
Bockup of Root Used Proper Width Ni 
BACKUP MATERIALS FOR ROOT BEADS OF ia \ = 
DOUBLE-VEE BUTT JOINTS IN STRUCTURAL Hold - Down Clamp— \ Hold - Down Clamp O 
STEEL \ 0 
Several of the materials which showed some promise 
as backings for root beads of single-vee joints were used mane, IF - T 
in solid-bar form and in granular form as backings for L “Mb ssh UY o v 
root beads of double-vee joints. 4 
js 7 F 
Steel plates, 6x 2 x 7/s in., were flame cut for double- je k 
10} Wy a ine ‘ ae Test Plate — 7 
vee joints with a 60° included angle. A root face of Used Wit Factor) ponies k 
1/16 to in. was used on the plates. These plates were 
clamped in position over the backup materials in a jig, : 
anc 
as shown schematically by Fig. 2. Root openings of 7 i 
; . . . 4 
1/4, °/i6 and */s in. were used with the various backup Bockup Bor—/ Stee! Jig Bose 
(brick, copper, etc.) 
materials. A single root weld was made on each back- not 


ing material tested, using */.-in.-diam. mild-steel alter- 
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eoated-brick backings were dried in a gas-fired oven at with narrow root openings; in other cases, the opposite 

oy? F. for a minimum of 4 hr. A summary of the re- was noted; and in others, no difference was observed. 

its of these tests is given in Table 6. Generally, none of these backings were considered com- 
The top part of the brick backings usually broke off pletely satisfactory. 


and stuck in the back side of the joint. This made the 
cleaning of the root of the weld difficult in most cases. 


Tamped Granular Backings 
The bricks which were coated were not so hard to re- 


move from the back side of the weld as the uncoated In production welding, there often is considerable 
ones. In most cases, there was more boiling during variation in width and vertical alignment of the root 
welding with the coated bricks than with the uncoated opening of double-vee butt joints. A good fit between 
bricks. In some cases, better results were obtained backing materials and the surfaces of the lower part of 


Table 6—Results of Tests of Coated and Uncoated Bricks Used to Back Up Root Beads of Double-Vee Butt Joints in 
Structural Steel 


Observations during welding Cleaning | ppearance 
Control of arc Other, properties at of 
Bricks tested and weld pool pertaining to backup weld root weld root 

Carbofrax, coated * Good Boiled slightly Poor Good 
P. B. Sillimanite CGoodt Boiled some Poor Good 
P. B. Sillimanite, coated Goodt Boiled some Fair Fair 
Periclase Good Boiled badly Fair Poor 
Periclase, coated Poor to goodt Boiled badly Poor Poor 
Jay Bee Poor$ Boiled, mixed into weld Poor Fai 
Jay Bee, coated Poor$ Boiled, mixed into weld Poor Fair 
No. 256 Alundum Goods Boiled, mixed into weld slightly Poor Good 
No. 256 Alundum, coated Fair§$ Boiled some and mixed into weld Poor Fair to good 
No. 1099 Alundum Goods Boiled slightly, mixed into weld Fair Fair to good 
No. 1099 Alundum, coated Fair§$ Boiled and mixed into weld Fair to good Good 
Mizzou Poor Boiled, slag too fluid Poor Fair to good 
Mizzou, coated Poor§ Boiled some, slag too fluid Poor to fair Fair to good 
Forsterite Fair§ Boiled and mixed into weld Poor Poor 
Forsterite, coated CGood§ Boiled, slag too fluid Fair Fair 


* Coated, wollastonite coating (57°, wollastonite —100 mesh, 3° powdered clay and 40°, vy 
was used. 

+t Welding control was good with °/j.-in. root opening and poor with */s-in. root opening 

t Weld control was good with */s-in. root opening and poor with °/j).-in. root opening. 

§$ Root openings of °/;, and */s-in. had the same effect. 


ater) from 0.5 to OLS g per square inch 


Table 7—Summary of Results of Tests on Tamped Granular Ceramic Materials Used as Backings for Root Beads of 
Double-Vee Joints in Structural Steel 


Cle aning 


- Observations during welding - properties Appearance 
Control of arc Other, at of 
Materials used and weld pool pertaining to backup weld root weld root 

Beryl* Poort Boiled, slag too fluid Good Poor 
Cryolite* Poor? Deep melting, mixed into weld Poor Poor 
Dolomite* Poort Boiled, mixed into weld Poor Poor 
Feldspart Goodt Boiled some, mixed into weld Fair Fair 
Forsterite* Poort Boiled some, mixed into weld Fair Poor 
Garnet* Poor Boiled, mixed into weld Good Poor 
Magnetitet Good Boiled, mixed into weld Poor Poor 
Norton No. 38 Alundum (14 and 36-mesh sizes) Good Considerable boiling Poor Poor 
Norton E-1 Alundum (14 and 36-mesh sizes) Fairt Boiled some Poor Poor 
Norton Alundum Cement (No. ATM 445, coarse) Fair Boiled some Fair Good 
Norton Crystalon (14 mesh) Poor Boiled, mixed into weld Poor Poor 
Norton Crystalon Cement (No. RC 1131, coarse) Fair Boiled some Fair Good 
Open-hearth finishing slag* Poor Boiled and mixed into weld Poor Poor 
Open-hearth flushing slag* Poor Boiled, too fluid Poor Poor 
Olivine* ' Fair Boiled, slag slightly too fluid Fair Fair 
Pyrophyllite* Poor Boiled, slag too fluid (iood Fair 
P. B. Sillimanite*, § Good Boiled some, slag slightly too fluid Good Good 
Silicon carbide || Fair Boiled, mixed into weld Poor Poor 
Tabular alumina* Good Boiled slightly Fait Fair 
Talc* Poor Very fluid slag Good Fair 
Wollastonite* Poor Boiled, very fluid slag Good Fair 
Fused alumina*: § Goodt Slag slightly too fluid, mixed into weld Fair Good 
Fused magnesia*: § Goodt Boiled some and mixed into weld (Good Good 
Fused mullite*, § Goodt Boiled and mixed into weld slightly Good Good 
Fused silicon *: § Poort Mixed into weld considerably Poot Poor 


* Used in —8 +10, —10 +20, —35 +65, and —100 +200-mesh sizes. Also a mixture of 30% —8& +10 mesh, 20% —20 +35 mesh 
and 50% —100 mesh was used. 

+ The are control and general results were better when the coarse grains (—8 +10 mesh and —10 +20 mesh) were used. 

t Used in —35 +65, and —100 +200-mesh sizes only. 

§ About 10 parts by weight of wollastonite in various grain sizes were added to these materials. No particular improvement was 
noted except that it was usually a little easier to remove the slag from the root of the weld. 

|| A mixture of 30% —8 +10 mesh, 20% —20 +35 mesh and 50% —100 mesh was used, 
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Fig. 3 Arrangement of test plates and tamped granular 

backings for double-vee joints 
the joint is usually quite important to obtain desirable 
results. If the backing is a solid bar, considerable work 
is often needed to fit the backing into the joint. A 
great amount of setup time could be saved if a granular 
material with good backing characteristics could be 
tamped into one side of double-vee butt joints. Many 
tests of granular materials were made in an effort to 
develop this type of backing. 

The joints were set up for welding, as shown by Fig. 
3. The granular materials were poured through the 
root opening and tamped by hand until the bottom vee 
was filled to, or slightly below, the root line. In the 
arly tests, the tamped backings were heated to remove 
moisture, but subsequent tests indicated that this heat- 
ing was unnecessary. 

Miscellaneous Ceramic Materials. <A series of tests 
was made using various ceramic materials and slags as 
backings. These materials were ground and screened 
to various grain sizes. The grain sizes usually used 
were minus 8 plus 10 mesh, minus 10 plus 20 mesh, 
minus 35 plus 65 mesh and minus 100 plus 200 mesh. 

A summary of the results obtained from this series of 
tests is given in Table 7. None of the materials or mix- 
tures of materials gave completely satisfactory results. 


However, promising results were obtained with fseq 
mullite, fused alumina, P. B. Sillimanite and fused mag- 
nesia. Generally, better results were obtained when the 
grain sizes of these materials were minus 8 plus 1(), o, 
minus 10 plus 20 mesh. An exception to this was P. B 
Sillimanite, which gave better results in minus 35 mesh 
than in other grain sizes. Mixtures of these materials 
with about 10 parts by weight of wollastonite (minys 
100 mesh) usually gave slightly easier cleaning of slag 
from the root of the welds. 

Electrode-Coating Slags. Simulated welding-elect rode 
slags were made by fusing together the constituents of 
commercial and experimental electrode coatings. ‘These 
slags were melted in crucibles in a laboratory pot fur- 
nace at 2300 to 2600° F. 
just prior to pouring the melt. The slags were poured 


Ferromanganese was added 


onto a flat steel plate and cooled to room temperature 
They were then ground and screened to various mesh 
sizes and used as tamped backings. 

A summary of the results from the tests is given in 
Table 8. 
terials were too fluid, but the materials gave fair results 


Generally, the molten slags from these ma- 


in other respects. 


Copper Backing Bars 


Copper backing bars were machined to fit into one 
side of double-vee joints and were used in the joints in 
the same manner as were brick backings described pre- 
viously. These bars were made to fit joints with ' ¢-, 
5/ie- and */s-in. root openings. ‘These bars were used 
first without a coating and then were used after coating 
with a wollastonite wash coating varying from 0.1 to 
0.6 gm. (dry weight) per square inch. 

The results obtained with the coated bars were gener- 
ally better than those obtained with uncoated bars. 
Without coating, there was a tendency in some cases to 
melt the surface of the copper bar and entrain copper 
with the weld metal. The wollastonite usually pre- 
vented this difficulty and gave better cleaning and ap- 
pearance at the weld root. 

The best results were obtained when the dry weight 
of the wollastonite coating was approximately 0.3 to 


Table 8—Results of Tests Using Tamped Fused Electrode Coatings to Back Up Root Beads of Double-Vee Weld Joints in 
Structural Steel 


Cleaning 
———Observations during welding . properties A ppearance 
Other, al 


Control of arc 
and weld pool 
Good to poort 


Coatings used 
53% titanium dioxide, 23% potassium silicate 
glass, and 24% sodium silicate glass* 


47% titanium dioxide, 20% potassium silicate 
glass, 20% sodium silicate glass, 138% ferro- 


manganese * 
Commercial A (E6015) t Fair 
Commercial B (E6010) t 
Commercial C (£6012) t Poor 
Commercial D (E6013) f Good 
Commercial E (£6020) f Good 


Good to poort 


Fair to poort 


pertaining to backup weid root weld root 


Boiled, slag too fluid, Good Good to poort 
mixed into welds 
some 

Boiled some, slag too Good Good to fairt 


fluid, mixed into 
weld some 


Slag too fluid Good Fair 
Slag too fluid Good Fair 
Slag too fluid Poor Poor 
Slag slightly too fluid Good Good 
Slag slightly too fluid Good Fair 


* Used in —8 +10, —10 +20, —35 +65 and —100 +200-mesh sizes. 
+ The coarser mesh sizes of materials generally gave better all-around results than the fine mesh sizes (— 100 +200). 


t Used in —8 +10 and —10 +20-mesh sizes. 
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ed (4 gm. per square inch. The thinner coatings pro- 
ig- dueed welds which were difficult to clean and the backup 
he har also Was more difficult to clean. The welding was 
or dificult to control and there was more boiling when 
3 heavier coatings were employed. 

sh A good fit was found to be very desirable. However, 
ils afew tests showed that limited poor fit could be toler- 
us ated by using extra wollastonite wash where it was 
ag needed. 

A few tests were made using Formax antispatter com- 
le pound as a coating on copper bars instead of wollaston- 
of ite. This material gave results quite similar to those 
Se obtained with wollastonite wash coatings. 

a BACKUP MATERIALS FOR ROOT BEADS OF 
. DOUBLE-VEE BUTT JOINTS IN ARMOR 
PLATE 


Many tests were made using tamped granular ma- 
n terials and mixtures of granular materials as backings 


for the root welds of double-vee butt joints in 1-in. 
armor plate. The principal materials used were those 
which showed the most promise as backings for welds 
made with mild-steel electrodes in structural steels. 

Pieces of manganese-molybdenum armor plate, 6 x 
3x 1 in., were flame cut for double-vee joints with a 
60° included angle. 
the plates. 


A root face of '/s in. was used on 
These plates were clamped into position in 
a jig and the granular materials were tamped into one 
side of the joint in the same manner as previously 
described for double-vee joints in structural steel, as 
shown by Fig. 3. The welding was done with */\»-in. 
low-hydrogen-type coated electrodes which were cur- 
rently being used to weld armor plate in production. 
A commercial modified 18-8 stainless steel electrode and 
a commercial low-hydrogen high-strength ferritic elec- 
trode (90,000 psi. yield strength, NRC-2 type) were 
used. 

Observations were made during and after welding as 
in tests of single-vee and double-vee joints in mild steel. 


Table 9—Summary of Tests of Tamped Granular Backings Composed Chiefly of Fused Mullite, Used to Back Up Root 
Beads of Double-Vee Joints in Armor Plate 


-——Compositions of tamped backups, grain size mesh, parts by weight——— 

Titan- 
tum 

dioxide, 


— 325 


Florida Cal- Ferric 
kaolin, cined Cellu- oxide, 
——F used mullite as-re- alumina, lose, as-re- 
+10 —10 +20 —10 ceived * — 324 —40 ceived* 
100 
100 
90 10 
‘ 90 10 
85 15 
93 7 
85 15 
75 25 
9: 7 2 
SS 7 5 
85 10 5 
8&5 7 8 
95 5 
SS 10 2 
SS 5 
SS rf 5 
83 7 10 
83 15 2 
88 10 2 
SS 10 2 
9] 7 
88 7 
85 10 
86 7 


Cleaning 


—Observations during welding proper- Appear- 
Other, ties at ance of 
W ater Control of arc pertaining to weld weld 
added and weld pool backup root root 
Good Generally Fait Good 
very good 
Good Generally Fair Good 
very gor 
4 Good Generally Fair Good 
very good 
4 Good Generally Fair Good 
veryv good 
5 Fair Slag slightly Fair Good 
too fluid 
i Fair Slag slightly Poor Good 
too fluid 
4 Good Generally Poor Good 
good 
4 Good Generally Good Good 
good 
5 Poor Slag too fluid Fair Fair 
4 Fair Slag slightly Good Good 
too fluid 
4 Poor Slag too fluid Good (,ood 
4 Poor Slag too fluid Good (Good 
4 Fair Slag too fluid Good (Good 
j Fair Slag slightly (,ood Good 
too fluid 
4 Fair Slag slightly Good Good 
too fluid 
6 Poor Slag too fluid Cood Good 
6 Poor Slag too fluid (ood (Good 
7 Poor Slag too fluid, Good (ood 
boiled 
4 Poor Slag too fluid (Good Fair 
4 Good Generally Poor (ood 
Satisiactory 
4 Fair to good Slag. slightly Fair Good 
too fluid 
4 Fair to good Slag slightly Good Good 
too fluid 
4 Fair to good Slag slightly Good (Good 
too fluid 
2 4 Fair Slag too fluid Good (ood 
5 4 Fair Slag slightly Good Good 
too fluid 
5 4 Fair Slag slightly Fair Good 
too fluid 
7 4 Fair Slag slightly Good Good 


too fluid 


* 


Materials were air-floated grade. 
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Table 10—Summary of Tests of Tamped Granular Backings Composed Chiefly of P. B. Sillimanite Used to Back Up Root 


Beads of Double-Vee Joints in Armor Plate 


Compositions of tamped backups, grain size mesh, parts by weight 


Florida Ferric Cleaning 

kaolin, Cellu- oxide Observations during welding properties A ppear- 

—P. B. Sillimanite— as-re- lose, as-re- W ater Control of arc Other, at ance of 

—-8 +10 —10 +20 ceived * — 40 ceived * added and weld pool pertaining to backup weld root weld root 
100 ree Good Generally good Fair Good 
ae 100 Good Generally good Fair Good 
90 Te 10 4 Good Generally satisfactory Fair Good 
85 ase 5 ‘ 5 Fair to good Slag too fluid Fair Good 
93 7 5 Fair Slag slightly too fluid Fair Good 
cau 90 10 6d ; 5 Good Generally good Fair Good 
S8t mee 7 4 Good Slag slightly too fluid Good Good 
ee 95 5 Poor Slag too fluid Good Good 
88 7 5 6 Fair Slag slightly too fluid Good Good 
ne 83 7 10 8 Poor Slag very fluid Good Good 
89 10 | Good Generally good Fair Good 
88 7 5 Good Slag slightly too fluid Fair Good 
48t 7 5 Good Generally very good Fair Good 

* Air-floated materials. 


lo; + In addition to materials shown, 5% —325 mesh calcined alumina was used 
t In addition to materials shown, 48% —10 +20 mesh fused mullite was used. 


Granular Ceramic Backings Tested 


A few tamped backings were tested which were com- 
posed of fused mullite, and many others which were 
composed chiefly of fused mullite with various amounts 
of other ceramic materials added. The mixtures used 
and the results obtained are summarized in Table 9. 

P. B. Sillimanite and mixtures of it and other ceramic 
materials similar to those made with fused mullite were 
studied. A summary of the tests and results obtained is 
given in Table 10. 

Tabular alumina and other types of Alundum, For- 
sterite, and fused magnesia alone and in mixtures with 
other ceramic materials were tried. A summary of 
these tests is given in Table 11. 

Table 12 summarizes results of similar tests made us- 
ing granular olivine, zircon and various types of ground 
bricks as tamped backings. 

From 5 to 10 parts by weight of Florida kaolin and 4 
parts by weight of water were used with many of the 
granular mixtures to improve their tamping character- 
istics. The water in the backings appeared to have no 
influence upon the performance of the backings or on 
the welding operation. However, extensive testing was 
not done to determine if the weld metal was affected by 
it. 

The results obtained with ferritic electrodes and the 
18-8 stainless electrodes were very much alike. This 
was probably because their coatings were basically 
similar in composition. 

The best all-around results were obtained with mix- 
tures of fused mullite and kaolin, and P. B. Sillimanite 
and kaolin, as damp tamping mixtures. Slightly better 
control during welding, and slightly better appearing 
weld roots were obtained when fused mullite, P. B. 
Sillimanite and tabular alumina were used alone; how- 
ever, it was more difficult to remove the slag from the 
root welds when the materials were used alone than 
when mixtures with kaolin were employed. The root 
of a typical weld made over a tamped backing of P. B. 
Sillimanite is shown in Fig. 4. 
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Fig. 4 Back side of a typical root bead in a double-vee 
joint in I-in. armor plate made over P. B. Sillimanite. 
Slag removed and wire brushed 


Coated Tamped Backings 


Brush coatings of wollastonite, Formax and Glyptal 
No. 1294 were used over tamped backings of P. B. Silli- 
manite and mixtures of P. B. Sillimanite and kaolin. 
When Glyptal was used, it smoked and burned during 
welding, but the root of the weld was easier to clean 
than when it was not used. The coatings of Formax 
and wollastonite produced some boiling and did not 
give any noticeable improvement in welding or cleaning 
conditions. 


TESTS OF WELD JOINTS MADE ON BACKING 
MATERIALS 


A series of root-bend tests was made on welds de- 
posited over ceramic backing materials in one-half of 
double-vee joints in structural steel, as shown by Fig. 5. 
Root-bend tests and static-tension tests were made on 
similar joints in armor plate. Radiographs and macro- 
examinations of the welds in armor plate were also 
made. 


Root-Bend Tests of Welds in Structural Steel 


A series of partly welded double-vee joints in */,-in. 
structural steel (Fig. 5) were made with */j.-in. steel 
electrodes for root-bend tests of weld metal deposited 
on ceramic backings. Fused mullite was used as a 
tamped granular backing for the root weld. When the 
root bead was completed, other beads were deposited 
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g 8 Test Section of Weld 
SSSSSASESSS AS ASS SAE 
& se 
> ac = 
. 3 upon it to complete one side of the double-vee joint. 
a BeBe Similar welds were made using copper backing bars to 
. Seee compare with those made over fused mullite. 
~ | SS 3/3 . 
Standard */s-in.-thick bend specimens were taken 
3 : from the weldments, as shown in Fig. 5. All of the 
. SS tt ee. it = specimens were bent to the full capacity of a standard 
A =s guided-bend jig for */s-in. plate. The specimens which 
2, P were welded over the refractory had fewer cracks than 
those made on the copper bar. Cross sections of the 
welds made over the refractory material showed better 
i root penetration than welds made on copper bars. 
= |i 
i Tests of Welds in Armor Plate 
5 te Welds in one-half of double-vee joints (Fig. 5) in 1-in. 

2 @ ™ SS armor for tension and root-bend tests were made over 
=> = | backings of copper, fused mullite, P. B. Sillimanite, and 
tabular alumina using */ low-hydrogen ferritic elec- 
Ss > + trodes and 18-8 stainless steel electrodes. 
es is 2 Preparation of Test Specimens. Considerable diffi- 
~~ 
2 & §! culty was encountered in making the initial welds in 
Es Se armor plate, because the root welds deposited by both 
~ & | + S -eo types of electrodes cracked even though very low re- 
straint was imposed on the weld metal. Welds made 
a 2 with the low-hydrogen ferritic electrodes were porous. 
BS & =_ The cracking was elim‘nated by increasing the size of 
» t Ye = the root welds. The porosity was reduced in the ferri- 
ss 
s =| tic weld metal by preheating both the plates and the 
electrodes to 300° F. 

Co =+ = . After these difficulties were eliminated, two groups of 
4 = 7" = eight joints were welded, one with 18-8 stainless elec- 
E> ; trodes, and the other with the ferritic electrodes. Two 
m Fens welds in each group of eight were made on each of the 

four following backing materials using y-in. root open- 

- aS = = ing: (1) Bare copper bar, (2) minus 8- plus 10-mesh- 
eo bac size fused mullite (tamped backing), (8) minus 10- plus 
%s | ~> ‘e = 20-mesh-size P. B. Sillimanite (tamped backing) and 
(4) minus 8- plus 10-mesh-size tabular alumina (tamped 
= 
backing). 

s+ One-half of the specimens were used for root-bend 
tests and the other half were used for tension tests. 

iu = c A radiograph of each weld were made after the weld had 
. — = been machined flush with the plate, but before the test 
= | — os a. bars were cut from the specimen. The test bars were 
Pang { | taken from the welds, as shown in Fig. 5. Specimens 


NOVEMBER 1948 Austin, Rieppel—Backups for Welded Joints Hi5-s 


: 
| 
as 
| 4a 
| 
38 
| 
) 
| 
| 


Table 12—Summary of Tests of Tamped Granular Backings Composed of Various Types of Bricks Used to Back Up Roo; 
Beads of Double-Vee Joints in Armor Plate 


——Grai nsize mesh, parts by weight 


Materials used +10 —10 +390 


Olivine 100 
Olivine 100 
Zircon 100 pe 
Aleor brick* 100 
Anchor brick* 100 
Coralite brick* 100 
Dialite brick* 100 
Firebrick (Tronton 

steel) 100 
Firebrick (Ironton 

steel) dis 100 
Korondal brick* 100 at 
Korondal brick* AA 100 


——Observations during welding—— Cleaning 

Control of properties  Apypear- 
arc and Other, al ance 

weld pool pertaining to backup weld root weld root 
Poor Slag too fluid Good Po 
Poor Slag too fluid Good Poo! 
Poor Slag very fluid Good Good 
Poor Slag very fluid Good Good 
Poor Slag very fluid Good Good 
Poor Slag very fluid Good Good 
Poor Slag very fluid Good Good 
Good Generally good Good Good 
Fair Slag slightly too fluid Good Good 
Fair Slag slightly too fluid Fair Good 
Fair Slag slightly too fluid Fair Good 


* High alumina refractories. 


Table 13—Tensile Strength of Welded Butt Joints in Armor 


Plate 

Ultimate 

tensile 
Electrode strength, 

used Backup material Psi.* 
18-8 stainless Copper bar 114,000 
steel 107,000 
18-8 stainless —8 +10-mesh size fused mullite 114,000 
steel 109,500 
18-8 stainless —10 +20-mesh size P. B. Silliman- 109,500 
steel ite 101,500 
18-8 stainless —8 +10-meshsizetabularalumina 114,000 


steel 115,500 


Ferritic Copper bar 128,000 
129,000 

Ferritic —10 +20-mesh size fused mullite 124,000 
122,000 

Ferritic —10 +20-mesh size P. B. Silliman- 116,000 
ite 119,500 

Ferritic —8 +10-mesh size tabular alumina = 122,500 
115,500 

* Standard, flat, reduced-section tension specimens, 1'/»- x 


5/s-in. cross section. Two specimens were tested for each condi- 
tion. 


for macroexamination were also prepared from each 
joint. The specimens were polished, etched with a 5% 
nital solution and examined at magnifications of 10 and 
20 diameters for slag inclusions, and fusion of weld 
metal to base metal at the weld root. 

The radiographs of the weld nietals showed all of the 
welds to be substantially free of porosity or slag inclu- 
sions which might have been caused by the backup 
materials. Some indications of gas holes were noted in 
the specimens made with the ferritic electrodes over the 
fused mullite backing. Other tests, however, indicated 
that these gas holes were produced by the electrode 
rather than the backing material. 

The bend tests indicated that the welds made over 
the ceramic backup materials were as good as those 
made over the copper bar. The welds made over the 
P. B. Sillimanite appeared to be slightly superior to 
those made over other materials. 

No significant difference was observed in the tensile 
strength of the weld metals deposited over any of the 
backup materials used. The results of these tests are 
given in Table 13. 

Examination of the macrospecimens showed no poros- 
ity, lack of fusion, inclusions or gas holes which might 


have been caused by the backup materials. The welds 
made over the ceramic backup materials showed appre- 
ciably better fusion at the root than those made over 


copper. 
Fig. 6. 


Typical cross sections of welds are shown in 


Tabular alumina backing 


18-8 electrodes 


Ferritic electrodes 


Fig. 6 Cross section of typical welds made over copper 
backing bar and selected ceramic backing materials 
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In general, no indications were noted that the weld 
metal was affected adversely by the use of the refractory 
packup materials. 


SUMMARY 


Tests of commercial refractories (bricks) for backups 
of root welds in single-vee and double-vee butt joints in 
structural steel showed that none of these materials 
vere entirely satisfactory. Improvements were ob- 
tained in a few cases by covering the refractories with a 
wash coating of wollastonite. Refractory cements, 
ramming mixes, refractory ceramic materials and mis- 
cellaneous foundry materials used as bonded backing 
bars or tamped backings for root welds were generally 
unsatisfactory. 

A large number of granular ceramic materials and 
mixtures of ceramic materials were tried as tamped 
backups for root welds of double-vee welds in structural 
steel and manganese-molybdenum armor plate. These 
materials were ground and screened to various grain 
sizes, and then were tamped into the bottom grooves of 
double-vee joints to a level just below the center of the 
joint. The most promising results were obtained by 
using the following materials: 


Grain size 


Minus 10 plus 30 mesh 
Minus 10 plus 30 mesh 
Minus 8 plus 10 mesh 


Material 


Fused mullite 
P. B. Sillimanite 
Tabular alumina 


The best coating found for copper bars used as back- 
ups for root beads of single-vee and double-vee butt 
joints was essentially wollastonite (calcium silicate, 


CaO.SiOz). 
position: 


The best coating had the following com- 


Amount, % 


Material by weight 
Wollastonite 57 
Clay 3 
Water 40 


The best results were obtained when the wollastonite 
was minus 100- to plus 150-mesh size, and the coating 
was applied and dried to give a dry weight of 0.3 to 0.4 
gm. per square inch. This wash on copper bars also 
gave good results on double-vee welds. 

The welds made over the best ceramic backings stud- 
ied were sound and had good fusion with the base plate 
at the root of the weld. There were no inclusions in the 
weld metal which were believed to be caused by the 
backings. The mechanical properties of the welds tested 
indicated that ductility and strength were not influ- 
enced by the backings. 
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(Continued from page 537-s) 

weld metal specimens was considerably less than for 
high ductility weld specimens. This is a direct effect of 
the weld metal itself, and it is difficult to reconcile this 
fact with Dr. Welter’s statement that we must look 
beyond the weld to explain the failures in welded 
joints. 

From the data on dynamic tension tests the effect of 
restraint in a welded joint due to weld metal having 
superior mechanical properties to those of the base 
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metal appears to be greater at room tentperature than 
at low temperature. A logical explanation for this is 
that decreasing the temperature has a great effect on 
inhibiting plastic flow, and as the temperature is re- 
duced the restraint due to weld and base metal property 
differences would be gradually masked. However, it is 
difficult to explain the inversion in relative elongations 
between specimens with high ductility weld metal and 
those with low ductility weld metal as the temperature 
is decreased from 20 to —70° C. 
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Some New Aspects of the Fatigue 
of Metals Brought Out by Brittle 
Transition Temperature Tests 


Discussion by F. J. Winsor 


In reading their ‘Authors’ Reply” it was noticed 
that MacGregor and Grossman did not take exception 
to a statement by Freudenthal and Dolan, in their 
“Discussion,’’ concerning ductile-brittle transitions in 
nonferrous metals. 

Freudenthal and Dolan remarked, ‘It has been re- 
peatedly suggested on the basis of numerous tests, 
that a ‘transition-temperature’ is essentially a char- 
acteristic of ferrous metals (possibly of certain types 
of steel only), while a pronounced transition between 
ductile and brittle fracture has not been observed for 
nonferrous metals.’’ The impression is rather wide- 
spread that mild steel is the only metal which suffers 
an impairment of ductility with decrease in tempera- 
ture. However, the observations of several investi- 
gators do not support this belief. Seigle and Brick 
state (L. Seigle and R. M. Brick, ‘““Mechanical Proper- 
ties of Metals at Low Temperatures; A Survey,” 
Trans. A.S.M., 40, 814, 816 (1948)) that “the behavior 
of zinc, magnesium, molybdenum, and tungsten is 
recognizably similar to that of iron, differing essen- 
tially only in the temperature at which ductility in 
the simple tension test vanishes.’ These authorities 
also state that “unquestionably one of the reasons why 
brittle behavior has come to be looked upon as some- 
thing unique (in ferritic steels) is that iron is the only 
one of the three most common metals which exhibits 
this property.” 


Reply by A. M. Freudenthal and 
T. J. Dolan 


The point which Mr. Winsor raises regarding the 
existence of a “transition-temperature”’ for nonferrous 
metals is a moot question about which sufficient evi- 
dence is not available to enable an impartial, quantita- 
tive evaluation. The data in the literature do not 
include sufficient carefully controlled, correlated tests 
involving a wide range of temperatures and strain rates. 
However, it is the writers’ contention that such data 
as do exist for nonferrous metals have failed to show any 
sudden transition from brittle behavior to ductile 
behavior as the test temperature was increased through 


Dr. F. J. Winsor i is connected with the Engineering Research Dept., Standard 
Oil Co. (Ind.) 


The paper by C. W. MacGregor and N. Grossman was published in the 
Welding Research Supplement, March 1948. 


The discussion by A. M. Freudanthal and T. J. Dolan was published in the 
Welding Research Supplement, August 1948. 


568-s Winsor—Transition Temperature Tests 


a very narrow range, whereas for steels this jx 
essential characteristic of the behavior. 

It is, of course, to be expected that most mit erial 
will exhibit lack of ductility at low temperatures and gy 
evidence of ductility or plasticity as the temperature 
is raised to relatively high values. 


an 


Even materials 
such as tar or taffy can be fractured with no externa) 
evidence of elongation at low temperatures, but are 
‘apable of being drawn out to extremely large elonga- 
tions when tested at slightly elevated temperatures 
Fundamentally, all expressions that have been evolved 
for mechanical ‘‘equation of state” include factors of 
temperature that would imply greater ductility at high 
temperatures, if heating is not maintained for a period 
long enough, or at temperatures high enough, to change 
the metallurgical or structural characteristics. How- 
ever, in these relationships, and in the few available 
observations of behavior in laboratory tests, it is the 
writers’ observation that this change from brittle ty 
ductile behavior is not accomplished in a narrow tem- 
perature range, but occurs only for a relatively larg 
alteration in testing temperature. 

The conclusions of Seigle and Brick referred to by 
Mr. Winsor, were based on the per cent elongation in « 


static tensile test, and refer only to the temperature 
at which “ductility in the simple tension test vanishes.’ 
This conclusion was based on Fig. 3* of their paper; I 


the figure also shows that for zinc, magnesium, molyb- d 
denum and tungsten the ductility gradually increased r 
in each of these four metals as the testing temperature ( 
was raised over a range of 200° C. That is, they did and | 
not exhibit a narrow transition-temperature range. ing | 

We wish to thank Mr. Winsor for raising this point Cou 
since our original statement was not fully qualified: Bec: 
it was not meant to imply that “mild steel is the only invo 
metal which suffers an impairment of ductility with quir 
decrease in temperature.”’ On the other hand, it is The 
of considerable interest to observe that the data of tain 
Seigle and Brick and others indicate that for com- fiele 
monly used nonferrous metals (such as aluminum, of it 
nickel, copper) a decrease in testing temperature seems the 
to have little influence on the ductility exhibited as ren 
measured by elongation or as measured by energy his 
absorption in the more drastic Charpy test over a hin 
rather wide range of temperature from say + 200° ©. 4 
to — 200° C. In fact, if anything, there appeared to pre 
be a slight increase in ductility for these three metals fra 
as the temperature was lowered. cal 

We heartily agree that brittle fracture of metals other eit 
than steels is not unique. But, so far as we are aware, na 


no investigators have demonstrated for metals other 
than ferrous metals the markedly abrupt. transition 
(within a narrow temperature range) from ductile to 
brittle fracture or from high energy to low energy 
absorption commonly observed in the Charpy impact 
test. 


* It should perhaps also be observed that the authors’ caption for this figur« 
includes the following note: ‘‘These curves are not presented as exact data 
but merely show the general variation as indicated by different sour¢es 
The positions of the curves are considerably influenced by test conditions 
and the purity of the metal used. Data obtained from references 1 to 14.’ 
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WELDING 


of the Engineering Foundation 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 
American Institute of Mining and Metallurgical Engineers, American Society of Civil Engineers 
American Society of Mechanical Engineers, and Society of Naval Architects and Marine Engineers 


Welding Research Problems 


I. INTRODUCTION 


HE research activities during the recent war fully 

demonstrated the value of cooperative scientific 

research. But long before the war the welding in- 

dustry was cognizant of the need for such research 
and set up a committee under the auspices of Engineer- 
ing Foundation, known today as the Welding Research 
Council, to promote fundamental knowledge in welding. 
Because of the extreme complexity of the phenomena 
involved in welding such knowledge could not be ac- 
quired without the cooperation of many fields of science. 
The Welding Research Council has endeavored to ob- 
tain this cooperation by calling on researchers in the 
fields of pure as well as applied science for the solution 
of its problems. In doing to, it has undoubtedly served 
the interests of the welding industry, but it has also 
rendered a service to the scientific worker, by linking 
his research with that of other workers, and by bringing 
him in contact with the real needs of the industry. 

The following outline of current welding research 
problems pursues the same objective. It represents a 
framework of research into which the University worker 
can easily fit his own activities without prejudice to 
either their independent character or fundamental 
nature. At the same time, however, he can use his in- 
ventive ingenuity on types of problems which, because 
of their value to industry, have a direct influence in 
raising our standard of living. 

The problems listed here are not meant to be compre- 
hensive or exclusive but rather to suggest the kind of 
problems toward which the Welding Research Council 
wishes to direct interest. 

While in many cases there has been an effort to refer 
to work completed or in progress on each problem listed, 
it should go without saying that any contemplated re- 
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search should be preceded by an intensive survey of the 
past and present investigations on the subject under 
consideration. 

In order to facilitate the compilation, the suggested 
problems have been arranged according to particular 
fields of research, and have been divided among the 
following selected headings: 


(a) General Physics and Electricity 
(b) Chemistry and Physical Chemistry. 
(c) Metallurgy. 

(d) Mechanical and Testing 

(e) Structural Studies. 


When going over the suggested problems the Uni- 
versity research worker will realize that many of these 
problems may be studied without knowledge of the 
welding process itself and without having the necessary 
welding equipment. Others may require the procure- 
ment of welded specimens, and payment of expenses. 
The Welding Research Council will assist by supplying 
specimens that may be needed and by grants-in-aid on 
approved projects. However, it is imperative to make 
plans well ahead of the time at which the research can 
be started, because of unavoidable delays in delivery of 
specimens and appropriation of money. Also, the 
planning should cover as many phases of the problem 
as feasible, in order to insure that individual projects 
may contribute to a unified picture of the problem as a 
whole. A comprehensive and adequate investigation of 
any problem frequently requires a series of student in- 
vestigations, properly integrated and coordinated by 
an interested and enthusiastic professor. The publica- 
tion of progress reports of which the professor is co- 
author, tends to rouse the interest of representatives 
of industry and to accord recognition to the university 
and the professor. 
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Il. GENERAL PHYSICS AND ELECTRICITY 


A. Physics of the Welding Are 


1. Metal transfer in are welding. In spite of many 
interesting studies, the mechanism of metal transfer is 
far from being fully understood. The effects of atmos- 
phere, surface tension and coatings may be known in 
part by electrode manufacturers but they have not 
been published to any great extent. Extension to in- 
clude submerged melting should be undertaken. High- 
speed photography and short exposure X-ray techniques 
may be useful tools for such investigations. 

2. Ionization of the are. An exploration of the 
nature of the ions contributing to the conduction in ares 
of various types would be valuable. The most attrac- 
tive problems are: 


(a) Source of charged carriers, whether electrode, 
base, coating or shield. 

(b) Influence of the shield on the discharge. 

(c) The nature of ares using various metal elec- 
trodes. 


A great deal of work has been done or is planned, but 
the field is so vast that parallel researches appear de- 
sirable. 

3. Distribution of energy in the welding are. <A 
quantitative measurement of the energy contained in 
and distributed by an are deserves further investiga- 
tion. The energies used in melting electrode, melting 
plate and radiated to the atmosphere and the manner 
in which they are affected by current, travel speed, 
plate temperature and coating should be determined. 
Professor Fett at Urbana, IIl., is studying this problem. 

4. Stability of the are. While the stability of weld- 
ing ares is known to be a function of the power source 
and circuit characteristics, type and magnitude of cur- 
rent, nature of the electrode and its coating, and am- 
bient conditions, the exact roles of the different factors 
have never been fully ascertained. Before it is possible 
to evaluate quantitatively the importance of the dif- 
ferent factors affecting are stability, a method of 
quantitatively evaluating are stability must be de- 
veloped. Programs of research in this field are under 
way at Rensselaer Polytechnic Institute and Johns 
Hopkins University and those interested in similar re- 
search are referred to these institutions for more infor- 
mation. 


B. Heat Flow Studies 


1. Cooling rates. There have been very extensive 
studies in this field from the viewpoint of weldability. 
There are, however, some problems which require fur- 
ther study. 


(a) Influence of high currents and speeds on cooling 
rates and also on weld contours. 

(6) Extension of data and methods of analysis to 

other metals such as stainless steel, aluminum, 

etc. 
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2. Thermal characteristics of metals for iding 
One of the most serious handicaps in thermal] si 
welding is the lack of data on thermal prope 
metals. Conductivity and specific heats as function, 
of temperature are needed for many metals.  \Velq, 


and contacts between dissimilar metals in par 
have not been investigated as to their behayioy 4 


connection with heat flow during welding and jy, |ate) 


Cular 
service. 


C. Contact Resistance 


1. Electrical contact resistance between metals }y 
welded and between electrodes and metals as a functioy 
of temperature, pressure, currents and surface prepars 
tion over wide ranges of these variables. 

2. Same as above for thermal contact resistance 
with an attempt to correlate electrical and therma| 
behavior. 

3. The factors that enter into contact resistance 
such as the area in actual contact, the resistance offered 
by metal under loadings that produce plastic flow, th: 
spreading resistance, etc. 

The extensive work at Rensselaer Polytechnic In- 


stitute should be used as a guide in planning needed re- @ 
search in this field. Johns Hopkins is studying therma 
flow across metal contacts as affected by finish, pressure } 
and temperature. These studies should be consulted 
before undertaking further developments in the field. 
D. Problems Requiring Resistance Welding 
Equipment 
The following problems may involve one or more & 
3 
fields of research but can be undertaken only by a & 


laboratory possessing the necessary special equipment 

1. A study of the instrumentation required for th 
control of flash welding and for the translation of weld- 
ing conditions from one machine to another. This 
problem should not be undertaken as a separate re- 
search but as a part of the study of the flash welding of : 
particular metal or group of metals. Efforts should be 
made to determine the most satisfactory methods for 
measuring current voltage and power during welding. 

2. In a fundamental flash welding investigation, 
more effort should be applied to determine optimum 
characteristics of flashing speed. The movement o! 
the platen of a flash-welding machine is usually con- @ 
trolled by a cam. A thorough study of cam contours 
is thus involved, since they are important from the 
standpoint of avoiding the butting condition during 
flashing while still producing the highest possible rate 
of heating of the welding interfaces. For the work a re- 
cording wattmeter capable of indicating the change in 
power input and a pen-writing oscillograph to show the 
frequency and regularity of short circuits during flash- 
ing should be applied. 

3. <A study of projection and flash welding of cor- 
rosion-resistant metals such as Monel, nickel, Inconel 
and stainless steels is of interest. 
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4. Merits of tip supercooling. Refrigeration of 
electrode tips seems to improve tip life of electrodes for 
aluminum welding. In connection with the spot weld- 
ing of structural aluminum alloys, and for the purpose of 
reducing the frequency of electrode tip cleaning, due to 
rapid pickup, the supercooling by refrigeration of 
electrode tips has been recommended. Further investi- 
gation into the merits of electrode refrigeration is still 
desired by some members of the aircraft industry -al- 
though many have experimented with refrigeration. 
This investigation should be combined with the study of 
other factors which affect electrode contact surface 
temperature, such as electrode design and rate of flow 
of coolant. The Rensselaer Polytechnic Institute and 
other published papers in this field should be consulted. 

5. Optimum conditions for spot welding of copper. 
This operation might be assisted by the generation of 
heat within the electrodes, and by use of high-resistance 
copper alloy electrodes. A comparison might be made 
of the best results obtained with high-resistivity elec- 
trodes for the production of actual fusion, between two 
copper sheets, with electric resistance brazing of copper. 
For the latter operation, thin foils of brazing material 
should be used with standard copper-.alloy spot-welding 
electrodes and the time cycles used for the spot welding 
of mild steel. 

6. Spot welding of silicon bronzes, silicon brasses 
and red and yellow brass, and determination of optimum 
Careful study should be 
Surface contact 


pressure, current, time, ete. 
made of electrode contact phenomena. 
resistance measurement should be made, and the use of 
electron diffraction equipment might also be useful in 
this study. 

7. A study of the seam welding of aluminum alloys 
including the effect of spot spacing, roller speed, roller 
cooling and other variables on the pressure tightness, 
strength, consistency, quality, corrosion resistance and 
fatigue properties. 

8. Spot welding of steels with low melting point 
coatings such as galvanized steel, tin plate, terne plate, 
etc. If real progress is to be made in the fundamental 
problem of electrode tip pickup, associated with some 
of these types of welding, further basic studies of con- 
tact phenomena and probably of the effectiveness of 
refrigeration should also be included. 

9. Broadly speaking, the flash welding problem can 
be divided into two parts: (1) the machine and its con- 
trol and (2) the material and its effect on the welding 
operation. 

It is recognized that the object of the flashing period 
is to heat the two ends to the proper welding condition. 
While the flashing surfaces are quickly brought to the 
melting point, the metal immediately back of the flash- 
ing surfaces is not yet heated hot enough for a good up- 
setting and cleansing effect.... This is an all-im- 
portant point of the operation and, to insure adequate 
upsetting, the metal back of the flashing surfaces must 
be heated in depth to its plastic temperature range. 
This means the establishment of the proper tempera- 
ture gradient in the work prior to upsetting. 
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Heat is generated to a small extent in the work by 
the passage of the electric current during burnoff and 
to a much larger extent by the production of fused 
metal at the flashing surface. The heat from the end 
flows back into the stock and produces the desired tem- 
perature gradient. Losses of heat occur due to radia- 
tion from the heated ends and by conduction back into 
the electrodes or die blocks. It is an object to heat the 
work to the satisfactory temperature and yet avoid a 
“cold weld” from too steep a temperature gradient. 

As soon as the work is properly heated, the sharp 
upset quickly forges the two parts together. The force 
needed to perform this operation is not understood and 
is treated empirically at present. The principal thing 
lacking for a proper understanding of this operation is 
a knowledge of the plastic properties of different ma- 
terials at temperatures within the plastic range. 

10. The effect of prior heat treatment on the quality 
and consistency of flash butt welds in 8.A.E. 4130 and 
N E8630 steels. The work done at the Battelle Memo- 
rial Institute should be consulted before undertaking 
further work on this subject. 

ll. Investigation of the best welding conditions re- 
quired for the electric resistance flash-butt welding of 
nickel 
metals. 

12. An investigation of electric resistance brazing, 


alloys, copper alloys and other nonferrous 


including current, force, and time required for specific 
brazed areas; and including a study of proper electrode 
composition for brazing. 

13. Effect of metallurgical 
deoxidation, cleanliness of 
steel, etc.) on spot weldability. 


size, 
killed 


These studies should 


quality (grain 


steel, rimmed vs. 


include surface contact resistance measurements. 


CHEMISTRY AND PHYSICAL 
CHEMISTRY 


A, Gas Absorption and Evolution in Welding 


Processes 


It is suspected that the high temperature produced 
by these processes is the governing factor for gas ab- 
sorption, whereas the rate of solidification controls gas 
evolution. These phenomena may be complicated by 
chemical reactions. 

1. Quantitative information is desired as to solu- 
bility of gases in welding as a function of temperature, 
time of solidification and subsequent rate of cooling. 

2. The above information will have to be estab- 
lished for one or more types of weld and base metals. 
The type of coating is suspected to be one of the most 
important variables and a study into the influence of 
coating on the physical-chemistry of welds will con- 
stitute a major contribution to the science of welding. 

3. The above study will have to be made for differ- 
ent welding processes such as (a) are welding, () 
gas welding and (c) resistance welding. 

Some early work in this connection has been done by 
Dr. Doan, of Lehigh, in are welding. More recent work 
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has been done at Battelle Memorial Institute. ‘This 
work may be consulted as a useful guide for the con- 
tinuation of these problems. The radiographic tech- 
nique should also be considered as a possible tool in 
evaluating porosity. 


B. Corrosion of Weldments 


The particular aspect of corrosion phenomena 
brought about by welding has been studied quite ex- 
tensively, but no satisfactory theory has been formu- 
lated. This is due undoubtedly in part to the complex- 
ity of the phenomenon, but a clearer picture is believed 
to be possible, if corrosion research were undertaken 
without regard to an immediate practical solution of 
the problem. The following fundamental aspects are 
proposed : 


1. Influence of metal dissimilarity. 
2. Influence of metallurgical structures. 
3. Influence of stress. 


This last aspect has particular importance, because 
the process of welding implies the production of re- 
sidual stresses. The Illinois Institute of Technology is 
investigating mild steels in this field. 


C. Surface Preparation of Material for Spot 
Welding 

Contact resistance plays a very important role in the 
spot welding process. Contact resistance is determined 
largely by the surface resistance or surface condition 
of the metal being welded. Electron diffraction studies 
have been employed, as a means of determining surface 
condition, in investigation of the surface preparation of 
aluminum alloys for spot welding at Rensselaer Poly- 
technic Institute and at the University of Michigan. 
This preliminary work has been limited in scope but 
the results are very promising. The nature of the sur- 
face films formed by various methods of surface prep- 
aration requires a systematic and fundamental study. 
Attention is called to the fact that spot welding equip- 
ment, itself, is not required for conducting the above 
research. However, apparatus for measuring contact 
resistance between pairs of identical specimens is essen- 
tial. 


IV. METALLURGY 


Since welding is essentially a metallurgical process, 
the field of metallurgy is expected to supply most of the 
information needed for successful welding. The word 
successful means producing weldments free of the three 
following defects: (1) cracks, (2) porosity (or non- 
metallic inclusions) and (3) deterioration of usable 
characteristics of the material of which ductility is the 
most common and the most widely required. Each of 
these defects is by itself a problem of considerable mag- 
nitude, and it is feasible to study them separately, 
bearing in mind that in many instances they are inter- 
dependent to a great extent. Thus, cracking is per- 
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haps the most alarming defect in welding, })\; Con. 
siderable loss in ductility may be potentially as dangey. 
ous because conducive to cracking under condition: 
which may be safe for the nonwelded material. Why. steel © 
ever phenomenon is being considered the influcnes of brittle 


of esti 


port al 


the following factors appears immediately: Comm 
should 
1. Base metal. his fie 
2. Weld metal. 
3. Degree of restraint during welding. poe 
4. Treatment before and after welding, hoi) the st 
mechanical (for example, peening) and therma| adivi 
(for example, the so-called  stress-relieying due 
treatment). 
5. The welding process. ‘RI 
fach of these factors is defined in turn by severa| this q) 
more specific and more fundamental variables. Thys 4. 
base and weld metal may be considered from the point of the 
of view of structural, phase or chemical changes. The neede 
degree of restraint may be characterized by geometry, Unive 
state of stress or amount of cold work, ete. What is ao 
basically important is to reduce all of them to as many " the 
independent variables as possible. This is by no means of re! 
an easy problem, and the value of a particular investi- — 
gation is largely dependent on how successful it has this § 
been in varying only one factor, while keeping the " 
others as constants. note] 
In the following, some of the main contributions in of pe 
this respect will be mentioned, and an outline of prob- by tl 
lems which could be handled in a similar way will be of th 
suggested. 
tend 
A. The Welding of Steel 8. 
The problem of welding plain-carbon and low-alloy _ 
steels—more generally referred to as the weldability A | 
problem—has been treated at some length in the June Leh 
1945 Research Supplement to the JourNAL, Vol. 24, ; A 
p. 313-8. foll 
The metallurgical effects of the thermal cycle oi 9 
welding have been investigated in detail at Battelle, _— 
Lehigh, Massachusetts Institute of Technology, Naval — 
Research Laboratory and Rensselaer Polytechnic low 
Institute. Means for controlling the structural and aan 
phase changes in the base plate have been set forth in ' | 
the Guide Book to Weldability, published by the Soctery. hot 
The effects of geometrical restraint and gases on the gas 
cracking tendency in the weld zone have also been sid 
studied extensively at Battelle, California, and Lehigh. 
Despite these studies, as well as many others now in shi 
progress, a. complete understanding (1) of the factors 
which operate in the weldability problem and (2) of the 
properties which are significant in determining the be- ww 
havior of welded steel is still far from attainment. -— 
By the use of methods developed in connection with _ 
the above research, or similar methods, solutions of ” 
the following problems are suggested: 94 
1. A study of average heat as to variations in welda- M 
bility within and among heats and as to the feasibility ar 
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of estublishing “‘weldability bands” for a list of im- 
steel types. 

9 The effects of welding on the notch sensitivity of 
gee! and the reason for the change from ductile to 
prittle type of failure. The efforts of the Ship Structure 
(Committee being carried out at several laboratories 
should be studied before undertaking further work in 
this field. 

3. Further investigation of the effects of the micro- 
structures produced by the welding thermal cycle from 
the standpoint of the properties of these structures 
individually and as an aggregate. Grain size and the 
whole range of austenite decomposition products are 
included in this problem. Case, Lehigh, M.I.T., 
\.R.L. and R.P.I. have carried out investigations on 
this question. 

{. Effects of strain aging. A comprehensive study 
of the role of strain aging in the welding of steel is 
needed. Projects at the University of California and 
University of Illinois are engaged on this problem. 

5. The role of gases such as hydrogen and nitrogen 
in the cracking and embrittlement of welds and means 
of remedying their effects. Reference is made to the 
extensive work of Battelle, California and Lehigh on 
this subject. 

6. Effect of peening on cracking tendency and on 
notch sensitivity and the quantitative measurement 
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of peening. A peening investigation has been initiated 
by the American Bureau of Shipping and some phases 
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of the problem are included therein. 

7. Relation of electrode coating to the cracking 
tendency. Refer to Problem 5, to which this is re- 
lated. 

8. Effect of heat treatment and of mechanical treat- 
ment prior te welding on cracking and notch sensitivity. 
A Pressure Vessel Research Committee project at 
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24, 


Lehigh is covering some of this subject. 
Among the problems of a more general nature the 


following may be mentioned. 
9. The mechanical properties of deposited metal 
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measured at various temperatures. This research is 
aimed at detecting brittle structure at both high and 
low temperatures. The properties at high tempera- 
tures on single bead deposits should be investigated. 

10. Effects on welding of steel of porosity, segrega- 
tion and laminations. These effects may be traced to 
gases or melting and rolling practice and should be con- 
sidered jointly with Problem 1. 

11. The relative value of slag-shielded and gas- 
shielded electrodes in connection with the quality of 
weld deposits. 

12. Welding of heat resistant materials for gas 
turbines and jet engines. A program should be ini- 
tiated to evaluate the efficiency of different welding 
methods on the elevated properties of the materials 
involved in these parts. 

13. Effects of stabilizing treatments (1550° F. for 
24 hr.) on subsequently welded stainless steels of the 
Mo or Cb bearing types as to their corrosion resistance 
and mechanical properties. Many controversial data 
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exist on this question, which merits further study be- 
cause of the marked improvement claimed for the 
stabilization treatment. 

14. The behavior of titanium during welding is of 
interest, especially as to its loss in base metal during 
welding. 

15. The properties of the weld zone heated close to 
the Ac; critical. The instability of the structures in 
this zone has been shown by the work at Battelle on the 
graphitization of welded C-Mo steels. Information on 
other types of steel is desirable. 


B. Welding of Dissimilar Metals 


There is lack of basic information regarding the 
following problems: 

1. The nature and mechanism of the process of 
joining dissimilar metals with particular reference to 
the following three phenomena: (a) diffusion, (6) 
pick-up and (c) dilution. 

2. The above problem pertains to resistance weld- 
ing in connection with the resistance welding of dis- 
similar metals such as: 


(a) Dissimilar ferrous metals. 
(b) Dissimilar nonferrous metals. 
(c) Weldability of ferrous to nonferrous metals. 


A considerable amount of work on spot welding of un- 
like aluminum alloys has been reported by R.P.I. 
Other problems remain, such as spot welding of stain- 
less steel to low plain-carbon or hardenable alloy 
steels. 

3. Problem 1 pertains also to are welding in connec- 
tion with (1) the welding of clad materials, (2) the 
welding of dissimilar metal and (3) facing operations. 

4. In addition to the above, information is needed 
on joints between dissimilar metals as to: 


(a) Thermal expansion characteristics. 

(b) Mechanical properties. 

(c) Effect of elevated temperature on alloy diffusion 
and the effect of the diffusion on the proper- 
ties of the joints. This is important in high 
temperature applications of clad materials, 
hard facings, ete. 


5. Brazing and soldering involve the same general 
problem as that of joining dissimilar metals. There is 
also, however, the specific problem of surface tension, 
more commonly called the tinning property of solders, 
which requires a fundamental approach. A method is 
required to measure the tinning properties of various 
brazing and soldering materials. Attention is called 
to the work of Russell and Mach (Trans. A.J.M.E., 
Vol. 161, p. 382, Institute of Metals 1945) in which a 
number of new tests for the quantitative measurement 
of brazing and tinning are presented. 


Vv. MECHANICAL AND TESTING 


Many of the problems raised under the heading of 
Metallurgy cannot be properly solved, unless the stress 
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situation is correctly accounted for. On the other hand, 
the determination of the usable mechanical characteris- 
ties of the material and the change of these characteris- 
tics produced by welding are incomprehensible without 
adequate testing equipment. Therefore welding has a 
large stake in the field of mechanical engineering and 
testing. 

Of basic importance for the welding of steel, and 
indeed of all metals, is what has been defined as the 
weld stress problem.* This problem involves the metal- 
lurgical as well as the mechanical field of research. 
However, in so far as the present discussion is con- 
cerned only the following points will be mentioned. 


A. State of Stress 


From the host of information which is beginning to 
accumulate as a result of prewar and war research, 
evidence seems to emerge that states of stress which are 
not higher than biaxial do not alter appreciably the 
initiation of plastic flow as compared to the uniaxial 
tension test. This statement is valid for the applied 
as well as residual state of stress. The influence of 
notches and metals dissimilarity is under investigation, 
but if conditions are limited to the surface, the situation 
does not appear to be much affected by these two fac- 
tors. The real problem is therefore, what happens 
below the surface. This problem is equivalent to that 
of a triaxial state of stress, for obviously no triaxial 
state of stress can exist at the surface. 

A method of testing a triaxially stressed specimen has 
been proposed and is under investigation at Illinois 
Institute of Technology. Likewise, a method of meas- 
uring the stress situation below the surface, especially 
in connection with a limited amount of plastic flow is 
under consideration at M.I.T. Both methods are 
intended to find something about the elusive condition 
of triaxiality. But additional information is needed, 
especially on the following topics: 

1. Quantitative data on how much a steel of known 
conventionally determined physical properties at dif- 
ferent temperatures—strength, yield point, ductility 
will deform plastically under specific conditions of con- 
straint and speed, intensity and cycles of loading. An 
important phase of this work is being done at Case 
School and M.1.T. and those interested in this research 
are requested to contact Welding Research Council for 
more details. 

2. Determination of the plastic and elastic interac- 
tion between base and weld metals having different 
mechanical characteristics, yield point, ultimate tensile 
strength and elongation under various external loadings. 
This problem is treated in a current investigation at 
M.I.T., and those interested should contact W.R.C. for 
further information. 


B. Temperature and Rate of Straining 


The influence of these two factors appears to be well 
defined from the available restricted and nonrestricted 


*“The Weld Stress Problem,’ Tae JourNnat, 24 (6), Research 
Suppl., 313-s to 319-s (1945). 
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information and is explained in some detail in corny. 
tion with the weld stress problem.* This inform,; on 
already is being used in the study of weldability of <; .¢| 


as outlined under (2) Section C. 


C. Size Effect (Rigidity) 


Evidence begins to accumulate slowly that the (oey- 
dency toward brittle fracture increases as the thicknos 
becomes greater. The word “rigidity” has been \jseqd 
frequently to describe this behavior, and _ plasticity 
experts would think probably of the word “triaxialit, 
Actually neither of these terms seems to be any bette; 
than the other, as the true situation is probably far 
more complex. However, if it were possible to express 
one situation in terms of another, say rigidity in terms 
of plate thickness, or the latter in terms of triaxiality 
an important step forward would have been made. 

Some phase of this work already has been started at 
Case School, and another at M.L.T. 


D. Residual Stress 


Whenever the residual stress has been proper) 
measured, and that means biaxial state at the most, it 
was found to be without effect on safety, in so far as 
ordinary mild steel is concerned. 

Residual stress has been called upon to explain the 
size effect in thick butt-welded plates. 
carried out at M.I.T. and reports from other sources so 
far have failed to reveal any appreciable triaxiality in 
the residual stress situation created by butt-welding 
plates of mild steel up to 1'/2in. thick. It is also known 
that this residual stress will be ironed out by externa! 
loading as applied by the usual laboratory tests. There 
is, however, a margin between laboratory tests and 
actual service conditions. This subject has been treated 
in some detail in the above-mentioned weld stress prob- 
lem.* The present discussion is limited to the following 
problems: 


Measurements 


1. Methods of measuring the triaxial residual stress. 
Much of this work has been done at M.1.T. and more is 
contemplated. 

2. Evaluation of residual stress in spot-welded 
assemblies. This problem is especially important be- 
‘ause of the stress concentrations in individual welds. 
It would be interesting to find how much this situation 
is altered by the presence of multiple welds. The 
difficulty, of course, lies in the very localized nature ol 
the residual stress and its triaxial character. 


E. Mechanical Properties of Welded Joints 


The study of the mechanical properties of welded 
joints provided important information to the users of 
welding processes and represents an outstanding con- 
tribution to the development of these processes. 
Fundamental data are needed in many fields and the 


* The “Weld Stress Problem,”’ Tae Weipine JourRNAL 24 (6), Researc! 
Suppl., 313-s to 319-s (1945). 
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jetermination of these data may become a gratifying 
gibject for many graduate and undergraduate thesis 
investigations. The following may be mentioned: 

With reference to resistance welding research: 

|. Fatigue strength of spot welds in carbon steels, 
gainless steels, low-alloy steels and nickel and nickel 
alloys. A project at Ecole Polytechnique is covering 
carbon steels and aluminum. 

2. Sheet efficiency of spot-welded low-alloy steels in 
static and fatigue tests. 

3. Quantitative evaluation of twist tests. 

|. Effect of postheating on the fatigue strength of 
spot-welded joints. 

5. The effect of fiber distortion in flash-butt welding 
or upset-butt welding on the mechanical characteris- 
ties of the joint. This study should include cold-rolled 
material of pronounced longitudinal grain characteris- 
ties as Well as the same alloy in the normalized condi- 
tion. Preferably, more than one type of steel should 
be investigated. Specimens should be tested with the 
fash partly and completely removed, and the origin of 
fracture in testing should be investigated. 

With reference to brazing and soldering: 

6. For copper furnace brazed joints in structural 
alloy and carbon steels ranging from 0.30 to 0.50, 
‘arbon: 


(a) Static and dynamic tensile properties of butt 
joints and of constrained and unconstrained lap 
joints. (A constrained lap joint is one created by 
fitting one part into another; an unconstrained 
lap joint is one created by laying one part upon 
another.) 

(b) Static and dynamic torsional properties of butt 
and constrained lap joints. 

(c) Fatigue properties in the same type of joints as 
listed under (a). 

(d) Consideration should be given to making tests 
in the ‘‘as-brazed,”’ the brazed and heat treated, and 
the brazed, heat treated and aged conditions. 

7. For low-temperature silver alloy brazed joints 
in structural alloy and carbon steels ranging from 0.30 
to 0.50°) carbon, quantitative information is needed as 
listed under 6. In this case, however, any heat treat- 
ment after brazing will of necessity be in the range of 
draw temperatures for steel. 

In each of these types of joints, more accurate and 
less misleading methods of inspection are needed for 
the percentage of faying surfaces actually brazed to- 
gether. 

In pursuing an investigation as outlined, attention 
should be given to those various factors of technique 
employed which have a direct bearing on the ultimate 
physical properties of the joints. 

With reference to pressure vessel testing: 

The application of welding to pressure vessels has 
raised problems which are of a general as well as specific 
nature, in so far as testing is concerned. The investiga- 
tor should refer to the activities and projects of the 
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Pressure Vessel Research Committee in connection with 
the problems which follow. 

8. Determination of the value of hammer testing as 
a nondestructive method. The reader interested in 
this problem is referred to the work carried out at L.L.T. 

9. It is important to determine to what extent 
plastic straining during the hydrostatic pressure test can 
be relied upon to impart final shape to a pressure vessel 
without impairing the mechanical characteristics of the 
material. This problem is of practical interest, since it 
has been observed that the metal near the junction cir- 
cle of the knuckle and crown of a conventional basket 
(dished or torispherical) pressure vessel head frequently 
deforms plastically under the prescribed hydrostatic 
test. Similarly, depending upon the apex angle and the 
ratio of thickness to shell radius, the joint between the 
conical head and the cylindrical shell of a pressure vessel 
deforms much or little under the hydrostatic pressure 
test. The change of properties produced by the above 
operation should be studied by one of the methods 
worked out in connection with the study of weldability, 
outlined previously under 1, 2 and 3, Section IV. It is 
hoped that a carefully planned and executed test and 
analytical program will provide a reliable basis for de- 
sign. 

10. The most careful designing of the shell of a pres- 
sure vessel may be completely nullified by poorly de- 
signed supports. Investigation is desirable as to the 
proper method of design for saddle, ring and lung sup- 
ports for horizontal cylindrical vessels; and skirt, brack- 
et and column supports for both spheres and vertical 
cylinders. 

11. Investigation is needed of reinforced manhole 
openings where the manhole consists of a forged ring 
butt welded into the shell plate and the manhole cover 
is attached by stud bolts in the ring. 

12. Determination of the concentration of stresses 
and development of suitable maximum design stresses 
in vertical vessels having semielliptical head and sup- 
ported on skirts that are attached to the knuckle of the 
head. 

13. The same as above where the vertical vessel has 
a conical or toriconical head. 

14. Determination of the effect of various degrees 
of peening for various conditions under which it is done 
on the endurance life of cylindrical and spherical pres- 
sure vessels of butt-welded construction. 

15. Determination of the effect of thermal stress re- 
lief and also of normalizing on the endurance life of 
cylindrical and spherical pressure vessels in the same 
manner as for 17. 

16. Determination of the effect of various degrees of 
overpressure during test on the endurance life of cylin- 
drical and spherical pressure vessels. 
is meant the ratio of the test pressure to the working 
pressure. 


By overpressure 


be considered at convenient intervals between ordinary 
design stresses and yieldpoint stresses and that tests be 
made on tanks of ordinary boiler steel and also of vari- 
ous alloy steels. 
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17. Correlation of tensile properties of steel plate in 
a direction at 90° to the plane of the plate, with the 
permissible design stress of lap or fillet weld joints sub- 
jected to tensile loads in the same direction. This is of 
interest in connection with proper evaluation of fillet 
and lap weld joints in applications where stresses in the 
direction described above are involved, such as in cer- 
tain types of nozzle, head, staybolt and tube sheet con- 
nections to pressure vessels, and in some structural and 
similar joints. 

18. Thermal transient stresses in pressure vessels 
submitted to sudden changes of temperature. 

19. Same problem as (2) under Nondestructive Test- 
ing, in vessels having liners of dissimilar material. 

Both problems involve consideration of thermal char- 
acteristics discussed in problem 4, Section IT. 


F. Nondestructive Testing 


Magnetic powder testing and X-ray testing are gener- 
ally accepted means for detecting cracks. Each of 
these has its limitations. Sonic and supersonic methods 
have been used on a limited scale and will bear further 
investigation. There is a lack of nondestructive meth- 
ods for complete detection of weld cracks. 

The following problems have been submitted by in- 
dustry for special consideration : 

1. Application of sonics and supersonics to nonde- 
structive testing of weldments. 5 

2. Although numerous proposals have been ad- 

vanced for the nondestructive testing of flash and spot 
welds, theré is a place for more simple and reliable 
methods if these can be developed. 


VI. STRUCTURAL STUDIES 


Most of the pioneering work in welding has started in 
the structural field. This work has been concerned 
with welded joints and welded connections as applied to 
existing types of structure, and has resulted in a sub- 


stantial improvement and economy of the structural 
design. In some cases, however, the results were les 

gratifying especially where the increased rigidity 9; 

welded structures had been obtained by increasin: the 

thickness or accumulation of the weld deposit. The 

fundamental problem of local rigidity has beer dic. 

cussed previously in Section V under the heading of 

Mechanical and Testing. Whatever solution is a¢- 

cepted for this fundamental problem, adequate met |iodg 

of design must be provided. Briefly stated the problem 

is to design a structure in which greater load-carrying 

capacity and greater stability can be achieved witli; 

increasing locally the thickness of elements or accumu- 
lating a greater amount of weld. This problem can be 
studied by one of the following means: 

1. Model studies on frame and plate-like structures, 

2. Design of new types of section for welding. 

3. Testing of full-scale structures. 

In addition to this fundamental problem many imme- 
diate problems await solutions, such as: 

4. Transfer of stress at end of partial-length cover 
plates. 

5. Design of spot-welded joints. This problem in- 
volves the determination of proper size, spacing and 
distribution of welded spots for the purpose of achieving 
maximum efficiency in static and fatigue loading. 

6. Influence of distortion produced by welding on 
the stability of flanges and webs in large plate girders. 

7. Stress distribution in full-scale welded structures. 
Experimental and mathematical analysis of stress dis- 
tribution in beam and column connections and in built- 
up girders should be made in order to deduce reliable 
design formulas. 

8. Influence of residual stress on the stress distribu- 
tion in statically indeterminate structures. More 
specifically, it is important to determine whether the 
early plastic flow resulting from the presence of residual 
stresses is beneficial in redistributing the effect of over- 
loading. 
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Flash Welding Conditions 


—the importance of temperature measurements 


» Temperature distributions and the effect thereon of voltage, 
flashing distance, section size, clamping distance and thermal 
properties of the alloy in the flash welding of aluminum alloys 


by R. M. Curran, P. Patriarca and 


W. F. Hess 


HIS report describes a study of the temperature 

distribution set up in the flash welding of the alu- 

minum alloys. The object of this investigation 

was to obtain information of a fundamental nature 
regarding these temperature distributions and the 
effect thereon of the various variables of the flash weld- 
ing process. 

Temperature distribution curves were determined for 
148-T, 248-T and 61S8-T using specimens 2 in. wide and 
6 in. long in the 0.250 and 0.188 in. thicknesses. The 
effects of secondary voltage, flashing distance, flashing 
velocity, section size, initial clamping distance and the 
thermal diffusivity and melting point of the alloy on 
the temperature distribution were observed. 

Measurements of the power input to the flash welder 
were made in conjunction with the temperature meas- 
urement to determine the effect of secondary voltage, 
section size, flashing velocity and alloy content on the 
power requirements. 

The results of this investigation indicate that the 
secondary voltage used during the flashing cycle has no 
effect on the temperature distribution as long as the 
secondary voltage is sufficient to maintain continuous 
flashing. Furthermore the secondary voltage used has 
no appreciable effect on the power input to the flash- 
welding machine during flashing. 

The average temperature of the flashing interface 
increases as the amount of material burned off increases, 
and does not approach the melting point of the alloy 
until a considerable amount of material has been burned 
off each specimen. The average temperature of the 
flashing interface after a definite amount of burn-off is 
relatively independent of the flashing velocity used, 


R. M. Curran now at the Works Lab., G. E. Co., Schenectady, N. Y. P. 
Patriarca is research assistant, and W. F. Hess is head, Department of 
Metallurgical Engineering, Rensselaer Polytechnic Institute, Troy, N. Y. 


This paper was presented at the Twenty-Ninth Annual Meeting, A.W.S5., 
Philadelphia, Pa., week of Oct. 24, 1948. 
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within the limits of this investigation. The initial 
clamping distance has an effect on the rate of rise of the 
temperature of the interface, higher temperatures being 
reached after the same amount of burn off with greater 
initial distances between the clamps. 

An analysis of the temperature distribution curves 
presented in this report indicates that the variation in 
temperature with distance from the flashing interface 
may be defined by the equation: 


T, = T, + (T, — T)E-“ 
where 
T, = temperature at a point x inches from the flash- 
ing interface 


T, = room temperature, ° F. 
T, = temperature of the flashing interface, ° F. 


E = Naperian constant, 2.71828 
V = the velocity of burn off, in./sec. 
a = thermal diffusivity of the alloy, in.*/sec. 


This equation may be used in predicting the tempera- 
ture distribution when conditions are such that the 
clamps play no important part, and when the tempera- 
ture of the flashing interface is relatively constant. 
These conditions have been met in this investigation at 
0.34 in. of burn off and at average flashing velocities 
exceeding 0.132 in./sec. and clamping distances of 1.76 
in. or more. The actual temperature gradients are 
steeper than those predicted by the above equation 
when the flashing velocity is slower than 0.152 in. 
sec. 

Power measurements indicate that the peak power 
input during flashing is directly proportional to the 
flashing velocity and section size. The total energy 
input at a given flashing velocity is directly propor- 
tional to the volume of metal flashed. Slightly greater 
total energies are required for flashing the same amount 
of metal when using a slow flashing velocity than for 
faster flashing velocities. 
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INTRODUCTION 


Although the flash welding process has been used as a 
means of fabrication for more than twenty years, there 
is as yet little information of a fundamental nature 
available regarding the process itself. There are per- 
haps three important reasons why flash welding has not 
been subjected to the same scientific scrutiny as the 
other welding processes. In the first place the flash 
welding of materials, such as mild steel, whose properties 
are not decreased by the heat involved during the flash 
welding cycle and whose oxides are not refractory in 
nature, presents little difficulty in the flash welding 
process. Secondly, the flash welding process involves 
so great a number of variables that a systematic study 
is difficult. Finally, much of the fundamental work 
which has been done made use of manually operated 
equipment so that the precise control of the variables 
was difficult. 

An extensive investigation of the flash welding of the 
structural aluminum alloys in the Welding Laboratories 
of the Rensselaer Polytechnic Institute demonstrated 
that these materials could be successfully fabricated by 
this process and that excellent joint efficiencies could be 
obtained. The investigation, however, made it evident 
that a more fundamental understanding of the flash 
welding process was needed if the results of that and 
similar investigations were to have more widespread 
application to other section shapes and sizes and to 
machines of different operating characteristics. 

A majority of the research conducted thus far in an 
effort to obtain “optimum flash welding conditions” has 
made use of physical tests and metallographic examina- 
tions as a basis for evaluation of welding conditions. 
Although this method is undoubtedly direct, it is inade- 
quate if it is desired to produce maximum strength 
welds using minimum machine capacity because of the 
multitude of variables associated with the flash welding 
process. The more important of these variables are 
the following: (1) Secondary voltage, (2) flashing dis- 
tance, (3) flashing velocity, (4) initial distance between 
the clamps, (5) closure velocity, (6) closure distance, 
(7) upset velocity, (8) upset distance, (9) final distance 


between clamps, (10) upset current duration and (1| 
upset current magnitude. 

An attempt to select the optimum combination vf th, 
eleven variables presented above would require «ny aj. 
most infinite number of welds and the results of the 
investigation would be directly applicable only to the 
sections studied and the equipment on which the inves. 
tigation was conducted. 

Since the weld strength attained for any particula 
set of welding conditions is a function of the therma| 
cycle to which the material in the weld has been syb- 
jected during welding, and the temperature distribution 
existing in the vicinity of the weld, a more fundamentg| 
approach to the problem of selecting optimum flash 
welding conditions would seem to be the measurement oj 
the temperature distribution and the thermal cycles and 
to determine the effects of the variables of the process 
thereon. It was the belief of these investigators that 
such a study would permit the production of better 
welds in the aluminum alloys and at the same time 
would provide basic information regarding the flash 
welding process which would aid in the standardization 
of flash welding procedures for other materials. This 
investigation was confined to a study of the tempera- 
ture distribution back of the flashing interface prior to 
upset. Further studies of the temperature distribu- 
tion during upset will be the subject of a future report. 


MATERIAL 


In order that the results of this investigation might 
be generally applicable to all of the structural aluminum 
alloys, 148-T, 24S-T and 61S-T were used. The alloy 
148-T is typical of the high thermal diffusivity, low 
melting point alloys; 24S8-T is typical of the low ther- 
mal diffusivity, low melting point alloys; and 618-T is 
typical of the high melting point alloys with high ther- 


mal diffusivity. Temperature measurements were J 


made in the 0.250 in. gage while 148S-T was studied in 
the 0.188-in. gage as well. 

Measurements of power input were made in 145, 
248, 538, 618 and 75S alloys in both the O and T tem- 


Table 1 
Specific Thermal 
Thermal heat, diffusivity, Density, Melting 
Alloy Temper conductivity * Btu./lb./° F. in.?/sec.T lb./in.® range, ° F. 
148 O 0.37 0.22 0.1135 0.101 950-1180 
fe 0.30 0.22 0.0945 0.101 950-1180 
248 O 0.36 0.22 0.1140 0.100 935-1180 
: 0.23 0.22 0.0711 0.100 935-1180 
538 O 0.33 0.22 0.1075 0.097 1075-1205 
T 0.30 0.22 0.0969 0.097 1075-1205 
618 O 0.33 0.22 0.1062 0.098 1080-1205 
T 0.30 0.22 0.0960 0.098 1080-1205 
758 0.21 0.101 890-1180 
T 0.23 0.21 0.0705 0.101 890-1180 
* Btu./sec./sq. ft./° 
Thermal Gifusivity < Specific heat density 
578-s Curran, Patriarca, Hess—Optimum Flash Welding Conditions Wrtpinc Researcu SupPLEMENT 
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Fig. 1 


pers using specimens 0.250, 0.188 and 0.125 by 2 in. and 
0.064 by 1.25 in. All specimens used in this investiga- 
tion were 6 in. long. 

A summary of the important thermal properties of 
the alloys used in this investigation is presented in 
Table 1 


EQUIPMENT 


The equipment used in this investigation has been 
described in a previous report.! 


INSTRUMENTATION 


In order to determine the temperature distribution 
existing in the specimen it was believed that tempera- 
ture readings at twenty or more points along the speci- 
men would be necessary. Since it would be impractical 
to take twenty simultaneous read- 


4 5 


A radiograph showing typical distribution of thermocouple holes in a series of frve specimens 


The specimens were X-rayed to determine the loca- 
tion of the thermocouple with respect to the bottom of 
the hole and to determine the distance of the thermo- 
couple from the initial flashing interface. Examina- 
tion of the radiographs furnished evidence of any exist- 
ing flaws. Reference to Fig. 1, the the middle thermo- 
couple in Specimen 2, will show that the thermocouple 
was not tack welded to the bottom, having been dis- 
lodged despite precaution. The first thermocouple 
in Specimen 3 shows evidence that the cross weld was 
defective and came apart during tack welding. These 
flaws were remedied by removal of the defective ther- 
mocouples and replacement. 

The specimens were clamped in the flash-welding 
machine and a continuity check between the thermo- 
couple leads and the specimen was conducted before the 
thermocouples were connected to the temperature meas- 


ings, temperature measurements 


had to be taken in a series of speci- 
mens welded under the same condi- 
tions. Sets of three thermocouples 
in the series of specimens were 
spaced at distances from the initial 
interface in such a way that the 
desired spread of points was ob- | 
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tained. radiograph showing 
typical distribution of the thermo- 
couple holes, in a series of five speci- 


PLATEN TRAVEL INDICATOR 


UPSET FORCE GAUGE 


sho 


WATTMETER 


mens, is presented in Fig. 1. The 
holes were drilled at an angle of 
45° to the specimen edge in order 
that the thermocouple exit from the 
hole would be between the clamps 
to insure protection from the molten 
metal expelled during the flashing 
action. 


STRAIN - GAUGE 
AMPLIFIER OSCIL LOGRAPH 


60 CYCLE TIMING TRACE | | 


440 VOLT 
WELOING POWER 


ELECTRO-MAGNETIC 
OSCILLOGRAPH 


The thermocouples used in this 


SCHEMATIC OF INSTRUMENTATION 


investigation were made from Leeds 
and Northrup duplex iron-constan- 


A schematic drawing of the instrumentation used in this investigation 


tan, Type E-230 B & S gage. The 
thermocouple ends were cross 
welded on a small condenser dis- 
charge spot welder and the ends 
beyond the weld were removed. 
The thermocouple ends were tack 


THERMOCOUPLE TRACES 


BURN-OFE 


“~PLATEN TRAVEL TRACE 


welded to the bottom of the holes. 


Duco cement was used to secure 


the thermocouples to the specimen 


after tacking to prevent accidental 


stress on the thermocouple leads 


from dislodging the welds. 
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Fig. 3 Typical record showing five simultaneous traces 
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= Measurement of the power input 
to the flash welder during flashing 
| VELOCITY 0.053"/SEC was obtained by use of the Ester- 
| Ne was connected into the circuit as 
° P 
| shown in Fig. 2. 
The strain gage amplifier and 
| oscillograph shown in Fig. 2 was not 
~ — used in the investigation herein re- 
mn." ported. It is proposed to use this 
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PROCEDURE AND RESULTS 


Fig. 4 Temperature distribution curves showing effect of secondary voltage 


urement apparatus. This was necessary as a final pre- 
‘aution to insure against dislodgment as a result of the 
final handling. 

A schematic drawing of the instrumentation used in 
this investigation is presented in Fig. 2. The thermo- 
couple outputs were amplified by three Weston photo- 
electric potentiometers. The potentiometer outputs 
were then impressed on the supersensitive elements of 
a film-type Westinghouse electromagnetic oscillograph. 
An investigation of the speed of response of the photo- 
electric potentiometers was conducted, and it was 
found that the rate of response was approximately 
5000° F. Since the accuracy of the photoelectric 
potentiometer is only dependent on the range standard, 
which is an extremely accurate 5-ohm resistor, no at- 
tempt was made to measure the accuracy of the instru- 
ment, since for the purposes of this investigation it could 
be considered exact. 

As can be seen in Fig. 2, a record of the platen travel 
as a function of time was obtained by impressing the 
output from three 6-v. storage batteries in series across 
a 37-ohm variable resistor mounted on the base of the 
welder. The movable arm was connected mechanically 
to the movable platen. The output from the movable 
arm and one end of the resistor was connected to a 
sensitive element of the electromagnetic oscillograph. 
A small 60-cycle voltage was connected to the fifth ele- 
ment of the oscillograph to provide a timing trace. A 
typical record showing the five simultaneous traces, 
three temperature traces, the platen travel trace and 
the 60-cycle timing trace is shown in Fig. 3. 

The over-all accuracy of the experiments was deter- 
mined by the accuracy with which the deflections of 
the oscillograph traces could be measured. Due to the 
width of the traces themselves, this error was believed 
to be approximately plus or minus 0.04 in. On the 
temperature traces this error results in an accuracy of 
plus or minus 20° F. while on the platen travel trace it 
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In order to determine the tem- 

perature distribution in the speci- 

mens at any definite time or point in the welding cycle, 
it was necessary to correlate records of temperature 
vs. time for the series of specimens welded or flashed 
under identical 
by means of the platen travel indicator traces. Refer- 
ring to Fig. 3 point D, represents a total platen 


conditions. This was accomplished 
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Fig.5 Power curves showing effect of secondary voltage on 
peak power and total energy input 
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movement of 0.24 or 0.12 in. of burn off per specimen 
ince it is assumed that beth specimens burn off evenly. 
At this point the deflection of the temperature traces 
was measured. Since each of the three thermocouples 
producing the three traces was at a different distance 
from the initial specimen edge, the measurement of the 
three temperature traces gave three points on the 
temperature distribution curve existing after 0.12 in. 
had been burned off each specimen. Using the same 
procedure on other records of the series gave additional 
points at varying distances from the initial interface 
establishing the temperature distribution curve. These 
curves were plotted for arbitrary distances of burn off, 
0.12, 0.22 and 0.34 in. 


Secondary Voltage 


The first variable which had to be considered was the 
open circuit voltage used during 


the selection of flash welding conditions, since use of 
an excessively high secondary voltage would tend to 
cause coarse flashing and might result in the formation 
of deep oxidized pits which would be difficult to remove 
during the upset portion of the welding cycle. 


Flashing Velocity and Flashing Distance 


Figures 6, 7 and 8 represent the temperature distri- 
bution curves in 14S-T 0.250 X 2 in. after burn-off dis- 
tances of 0.12, 0.22 and 0.34 in. for average burn-off 
velocities of 0.053, 0.132 and 0.30 in. /sec. 

These curves indicate that the average temperature 
of the flashing interface rises from room temperature at 
the initiation of flashing and reaches the melting point 
of the alloy only after a considerable period of flashing 
has elapsed. It can be seen in all three figures that the 
average temperature of the interface approaches the 


fashing. Two series of specimens 


were flashed with all conditions 1200 


being the same except that in one 


case the secondary voltage was 8.07 
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ing, and in the other case the 
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secondary voltage was 15.7 which 
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was the maximum available. Upon 
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plotting the results of these experi- 
ments it was noted that the tem- 


TEMPERATURE (*F) 


perature distribution curves were 
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since points fell on both sides of the 
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average curve. This is shown in 


Fig.4. An average flashing velocity 
of 0.053 in./sec. was used in this 0 


ease because it was the lowest 


available and permitted the widest 
variation in secondary voltage. 
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Fig. 6 Temperature distribution curves for 14S-T using an average flashing 
velocity of 0.053 in./sec. Initial clamping distance was. 1.76 in. 


Measurement of the power input 
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to the flash welder during flashing 1200 
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with the flashing velocity held con- 
stant showed the power input to be 
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essentially constant when secondary 


voltages of 8.07, 10.3 and 15.7 v. 
were used. This is shown in the 


950°F. 
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power curves presented in Fig. 5. 
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Since these experiments indicated 


CLEANED IN HaSiFg SOLUTION __| 


that the secondary voltage was not 600 
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an important variable in the estab- 
lishment of the temperature dis- 
tribution curves, the remainder of 
the investigation was conducted — 
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Although the temperature dis- eee 


tribution curves indicate that the | 


secondary voltage has no effect, it ° 0.1 
should not be assumed that second- sd 
ary voltage should be neglected in 
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DISTANCE FROM WWITIAL FLASHING INTERFACE (IN) 
Fig. 7 Temperature distribution curves for 14S-T using an average flashing 
velocity of 0.132 in./sec. Initial clamping distance was 1.76 in. 
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of a point as a function of its 

distance from the flashing inter- 
face may be approximated as a 
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DISTANCE FROM INITIAL FLASHING INTERFACE (IN) straight line. It can be seen 


Fig. 8 Temperature distribution curves Jor 14S-T using an average flashing that the slopes of these lines are 
velocity of 0.30 in./sec. Initial clamping distance was 1.76 in. 


| | | heat from flowing out of the s)e¢j. 
+— mens as swould normally be ex. 
| | | | pected. 

& While the curves presente: jn 
+| | Figs. 6, 7 and 8 show qualitati\ely 
t the effect of flashing velocity and 
woo} —| flashing distance on the tempera. 
| ‘ VELOCITY 0.30°/SEC ture distribution set up during 
| the flashing cycle, they do not 

Nb iN Plotting the same curves shown 
|_| | | a | in these figures on semilog paper 
T_T | as presented in Figs. 9, 10 and 
indicate that the relationship be- 
| ANY. | tween the log of the temperature 

— 


TT 


greater for the faster flashing veloci- 
ties. 

beginning of the melting range after 0.34 in. of burn off 
per specimen. The difference between the average 
temperatures of the interface for the three average ve- 
locities presented in these graphs is not considered sig- In order to study the effect of thermal diffusivity on 
nificant because of the difficulty in determining the the temperature distribution set up during the flashing 
temperature of the interface accurately. These curves cycle, several series of specimens of 0.250 X 2 in. 248-T 
indicate that in so far as temperature of the interface is were flashed using the same average velocities that had 
concerned, welding may be accomplished over a wide been used in the case of 148-T. The specimens were 
range of flashing velocities. cleaned in a 2% solution of nitric acid prior to welding. 


Effect of Thermal Properties 


rhe curves for the slowest flashing velocity, presented The temperature distribution curve for the 0.30 in./sec. 
in Fig. 6, show that the clamps do not act as a thermal velocity is plotted in Fig. 12. The log T vs. d curve is 
sink since the temperature at the clamps for a burn off presented in Fig. 13. The effect of thermal diffusivity 
of 0.34 in. is about 300° F. and that the specimens have on the temperature distribution may be seen by compar- 
been heated to a considerable distance within the clamps ing the results obtained with the 24S8-T alloy, shown in 
even though the clamps have not been heated appreci- Fig. 13, with that already shown for the 148-T alloy in 
ably. Apparently the oxide film on the aluminum and Fig. 11 for the corresponding welding conditions. It 


the interface between this oxide and the clamps have may be noted in Table 1 that the 148S-T alloy has ap- 
sufficiently low thermal conductivities to prevent the proximately one third higher thermal diffusivity than 
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OISTANCE FROM WITIAL FLASHING INTERFACE 


Fig. 12 Temperature distribution curves for 24S-T using an average 


flashing velocity of 0.30 in./sec. 


the 248-T alloy. If most of the heat is generated at the 
flashing surfaces this should result in steeper tempera- 
ture gradients for the material of lower thermal diffu- 
sivity, alloy 24S-T. These results may be noted by 
comparing Figs. 11 and 13. 

The effect of the melting temperature of the alloys 
was observed by flashing several series of specimens of 
0.250 X 2 in. 61S-T at the same average velocities 
had been used for 148S-T and 248-T. The 
temperature distribution curves for the 0.30 in./sec. 
average velocity is presented in Fig. 14 with the log T 
vs. d curves being presented in Fig. 15. The effect of 
melting temperature on the temperature distribution 
may be seen by comparing the results obtained with the 
higher melting range 61S-T alloy, Fig. 15, with that 
already shown for 148-T alloy in Fig. 11, for corres- 
ponding welding conditions. It is better to compare 
61S-T with 148-T than with 248-T since the former has 
almost the same thermal diffusivity whereas 24S-T dif- 
fers appreciably in both melting range and thermal dif- 
fusivity from 61S-T. The latter property has been 
shown to effect the temperature distribution. Table | 
shows that 61S-T has a melting range from 


which 


Initial clamping distance was 1.76 in. 


off, however, when the rate of rise of the 
temperature of the interface for the two alloys 
is very nearly the same, the slopes are essen- 
tially the sare. 


Effect of Initial Clamping Distance 


In order to study the effect of initial 
clamping distance on temperature distribu- 
tion, series of specimens were flashed with 
initial clamping distances of 1.76, 2.0, 2.15, 
2.48, 2.80 and 3.4 in. using several different 
materials and a range of burn-off velocities 
from 0.053 to 0.30 in./sec. 

Upon plotting the results of these experi- 
ments it was noticed that the preponderant 
effect 
was an increase in 


of increasing the clamping distance 
the rate of rise of the 
interface temperature with burn-off distance. 
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Fig. 13 Curves from Fig. 12 plotted as a straight line on 


semilog paper 


1080 to 1205° F., whereas the melting range L Pic | 

slightly higher melting range of 61S-T has — en <== 
the effect of raising the instantaneous tem- 1000 
perature for flashing and hence the average N | 
interface temperature for a definite amount 

of burn off. It can be seen in the figures = \ 

mentioned above that the temperature gra- 

dients are generally steeper for 618S-T than : X 

for 148-T for the 0.12 and 0.22 in. burn-off = XN 

distances while the temperature gradients 

for the two materials have essentially the j a. 
same slopes for the 0.34 in. burn-off dis- = & NY E 
tance. The greater steepness of the tempera- 
ture gradients for the 0.12 and 0.22 in. 


more rapid rise of interface temperature for 
this alloy. In the case of the 0.34 in. burn 
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Fig. 14 Temperature distribution curves for 61S-T using an average 
flashing velocity 0.30 in./sec. 
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Fig. 15 Curves from Fig. 14 plotted as a straight line on 
semilog paper 


This can be seen in Figs. 16 and 17. It will be shown 
later that the average flashing velocity used has no 
appreciable effect on the rate of rise of interface tem- 
perature with burn-off distance. 


Effect of Section Size 


The effect of section size on temperature distribution 
was studied by flashing several series of specimens in 
0.188 in. 148-T using an initial distance between the 
clamping dies of' 1.76 in. and average flashing velocities 
of 0.053, 0.132 and 0.30 in./sec. The temperature dis- 
tribution curves for the slow and fast velocities are 
plotted in Figs. 18 and 19. It may be noted in com- 
paring these curves with those obtained fér 148-T in 
the 0.250 in. gage for similar condi- 
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Fig. 16 Variation of the average temperature of the inter- 
face with flashing distance for 24S-T flashed using various 
initial clamping distances 
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the flash welding process is uni- ad | | =z 
axial in nature. Section sizes 
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Figs. 6 through 17 will indicate 
that the average temperature of 
the flashing interface rises from room 
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Fig. 18 Temperature distribution curves for 14S-T in the 0.188 in. thickness 
f using an average flashing velocity of 0.053 in./sec. Initial clamping distance 


was 1.76 in. 
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melting point of the alloy only after a considerable 
amount of material has been burned off, as was noted 


‘ature at the initiation of flashing and reaches the the three alloys studied in this investigation in the 


0.250 in. gage, using a clamping distance of 1.76 in. 
It may be noted in Fig. 21 that the curves for 148-T 


previously. It is apparent from a consideration of Fig. and 248-T are practically identical while the curve for 
20 which shows a variation of the average temperature 61S-T falls somewhat higher. References to the 
of interface with flashing distance for average flashing temperature distribution curves presented previously 
velocities of 0.053, 0.132 and 0.30 in./sec., for 0.250 x will show that the melting range for 61S-T is consider- 
2in. 148-T alloy, that the flashing velocity used has no ably higher than that of 148-T while the melting range 
appreciable effect on the rate of rise of the temperature for 24S-T is very nearly the same as that of 145-T. 
of the interface within the limits of this investigation. This would seem to indicate that the rate of rise of the 


Figure 21 shows the average variation of the tempera- 
ture of the flashing interface with burn-off distance for 
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Fig. 19 Temperature distribution curves for 14S-T in the 0.188 in. thickness 
using an average flashing velocity of 0.30 in./sec. Initial clamping distance 


was 1.76 in. 
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Fig. 20 Variation of the average temperature of the interface with flashing 
distance for 14S-T using various flashing velocities. Initial clamping distance 
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was 1.76 in. 


interface temperature with burn-off distance for a par- 
ticular alloy is a function of the melting point of the 


alloy. The slight difference be- 
tween the curves for 148-T and 
248-T indicates that difference in 
thermal diffusivity has relatively 
little effect on this phenomenon 
since the thermal diffusivities for 
148-T and 248-T differ by more 
than 25%. 

The effect of clamping distance 
on temperature distribution can be 
seen in Fig. 22. It may be noted 
that an increase in clamping dis- 
tance up to 2.3 in. decreases the 
amount of burn off necessary to 
produce an average temperature at 
the interface equivalent to the 
beginning of the melting range 
for the particular alloy. Further 
increases in clamping distance pro- 
duces no appreciable effect. It 
should be noted, however, that a 
decrease in clamping distance below 
1.76 in. might produce a condition 
where insufficient material is left 
between the clamps for upset after 
flashing a sufficient distance to 
achieve a temperature at the in- 
terface desirable for welding. 

Figure 23 shows the effect of see- 
tion size on the rate of rise of the 
temperature of the interface as a 
function of burn-off distance. It 
may be noted that the decrease 
in section size from 0.250 to 0.188 
in., a decrease of 25°, caused no 
appreciable difference in the rate of 
rise of the interface temperature. 
It is expected, therefore, that very 
nearly the same amount of burn 
off will be required to attain the 
same temperature at the interface 
in sections slightly larger or 
slightly smaller than those studied 
in this investigation. 

The curves presented in Figs. 
20, 21, 22 and 23 are believed 
to be of the utmost importance 
in the selection of optimum flash 
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of the aluminum alloys was not recognized in the pre- 
vious investigation because its effect was masked by 
the numerous variables involved. 


The shape of the curves showing rise of interface 
temperature with burn-off distance suggests the pos- 
sibility that the rise of the temperature of the interface 
for a particular set of welding conditions is an exponen- 
tial which approaches the melting point of the alloy as 
the burn-off distance becomes larger. The equation 
for such a behavior might be expressed as 


T; = 


where 7’; is the temperature of the flashing interface 
after a burn-off distance of d, T, is the melting point of 
the alloy and k is a constant which depends on the ini- 
tial distance between the clamps, and may depend some- 
what on the thermal diffusivity of the material, and the 
section size. 


Mathematical Analysis of Temperature 
Distribution 


The fact that all temperature distribution curves 
when plotted on semilog paper yielded straight lines 
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gr indicated that the temperature 
0608, = distribution existing in the speci- 
INITIAL CLAMPING DISTANCE « 1.76" mens may be expressed by an 

tion of the form: 

~ 1000) T, = T, + — (1 

br} 

ao 

where T, is the temperature of : 

point at x distance from the flash- 

= 800 ing interface, 7; is the tempera 

ing interface, T; is the temperature 

of the interface, T, is room tem- 

5 perature, is the Naperian con- 

stant, and K is a constant repre- 

s 4,7 senting the slope of the family of 3 

lines as plotted on semilog paper 

3 109} 7 In an equation derived for the 3 
temperature distribution existing in 
an are-welding electrode? it was < 
200- re demonstrated that the temperature 
/ at any point in the bar is defined 
= by the equation 
° 008 0.1 0.18 02 0.25 0.3 0.38 0.4 Te = T, + — 
where 7’, is the temperature exist i! 

Fig. 21 Variation of the average temperature of the interface with flashing me 
distance for 14S-T, 24S-T and 61S-T. Initial clamping distance was 1.76 in. at a point z distance from the inter- 

face, T,; is room temperature, é 

welding conditions, since the average temperature is the temperature of the interface, V is the velocity of 
of the interface should determine not only the burn off and a is the thermal diffusivity of the material. \ 
amount of upset necessary to obtain a clean weld In order to correlate the experimental data with the 7 
but also the amount of forging force necessary to equation presented above, the constant K for the ex- ‘ 
accomplish this upset. The burn-off distances used in perimental curves was evaluated as shown below: 
the flash welding of the aluminum alloys, as previously T,+(T ( 

reported, were such that the temperature of the flashing (T r) T)—K ” 
interface was less than 800° F. and considerably better 1 1 | 

welds could probably be produced with much less upset 
x 

force if the burn off distance had been increased. The 
importance of the burn-off distance in the flash welding The following discussion shows a sample calculation \ 


of the slopes of the logarithmic curves, the constant K, 
for the 0.34-in. burn-off distribution curve as shown in 
Fig. 8: 


- _ In (920 — 80) — In (215 — 80 " 
K = ( 0) = 1 215 = 80) 5.10/i0.— 
0.36 
The comparison of this value of K with that for the 
* =24S-T MELTING RANGE BEGINS 935 °F 
« =14S-T MELTING RANGE BEGINS 950 °F 
* =61S-T MELTING RANGE BEGINS 1080 °F 
= 2 
os \ 
<« 
2 4 0.2 
2s 
1.0 2.0 3.0 
INITIAL CLAMPING DISTANCE (INCHES) 


Fig. 22 Effect of initial clamping distance on the amount 
of burn off required in order that the temperature of the 
interface reach melting 
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Fig.23 Effect of section size on rise of the temperature of the interface for 14S-T 


constant K as computed using Equation 2 is also shown. 

Since the velocity in Equation 2 is instantaneous ve- 
locity it was necessary to use the actual velocity values 
in computing the theoretical values of K rather than the 
average flashing velocities presented previously. The 
method of computation of the instantaneous velocities 
was as follows: 

The equation of the cam used in this investigation 
presented in Fig. 24 may be given as: 

y = 

where 

y = the cam rise in inches 

b = a constant 

6 = the angular displacement 
Since the time displacement pattern is geometrically 
similar to that established by the angular displacement 
cam rise pattern and since burn off will follow the 
platen travel displacement curve, burn-off distance 
may be defined by the equation: 

d = ct? (4) 

where 

d = the burn-off distance in inches 


a constant 
t = the burn-off time 


The burn-off velocity, therefore, may be expressed as 
the first derivitive of Equation 4: 


V = dd/dt = 2ct (5) 


where V is the instantaneous burn-off velocity. 

The constant c may be evaluated by substituting the 
maximum burn-off distance and maximum time in 
Equation 4. 

A sample calculation is shown below: 
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osol 
= 
© 040} 
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CAM ROTATION IN DEGREES 


Fig. 24 Cam contour 


Maximum burn-off distance = 


0.53 in. 

Maximum burn-off time = 1.76 
sec. (for average flashing ve- 
locity of 0.30 in./sec.) 


From Equation 4 


c = d/t? = 0.53 in./1.76? = 0.17 
in. /sec.? 


For a burn-off distance of 0.34 in., 
burn-off time is given by equation 
4 


t= Vd/e = V0.34/0.171 = 1.41 


Substituting in Equation 5 


V = 2ct = 2 X 0.171 X 1.41 = 0.482 in./sec. 


The instantaneous velocities, as computed above 
when divided by the thermal diffusivity of the material, 
will provide the theoretical K as presented in Equation 
2. For 148-T which has a thermal diffusivity of 0.0945 
in.*/sec. the value of K is: 


K = V/a 


0.482/0.0945 = 5.10 in. 


Section size, 0.250 x 


A lloy 
148-T 
248-T 
618S-T 
148-T 
248-T 
618-T 
148-T 
248-T 
618-T 
148-T 
248-T 
618-T 
148-T 
248-T 
61S-T 
148-T 
24S-T 
618-T 
148-T 
248-T 
618-T 
148-T 
248-T 
618-T 
148-T 
248-T 
618-T 


Average 
velocity, 
in./sec. 
0. 
0. 


0 


053 
053 


.053 
.053 
.053 
.053 
.053 
.053 
.053 
. 132 


132 
132 
132 


Table 2 
2 in. Initial clamping distance, 1.76 in. 
Burn- 

Instan- off 

taneous dis- Experi- 

velocity, tance, mental Theoretical 
in. /sec. in. K K = V/a 
0.052 0.12 2.94 0.55 
0.052 0.12 2.30 0.74 
0.052 0.12 3.27 0.54 
0.069 0.22 2.68 0.73 
0.069 0.22 2.18 0.97 
0.069 0.22 2.93 0.72 
0.085 0.34 2.54 0.91 
0.085 0.34 2.30 1.12 
0.085 0.34 2.86 0.89 
0.126 0.12 2.89 1.33 
0.126 0.12 3.71 1.77 
0.126 0.12 4.33 1.30 
0.170 0.22 2.42 Be yg 
0.170 0.22 3.09 2.36 
0.170 0.22 3.30 1.74 
0.212 0.34 2.2 2.2 
0.212 0.34 2.9 3.0 
0.212 0.34 2.4 2.2 
0.286 0.12 5.0 3.0 
0.286 0.12 6.8 1.0 
0.286 0.12 5.8 3.0 
0.388 0.22 5.6 4.1 
0.388 0.22 5.9 5.5 
0.388 0.22 §.2 4.0 
0.482 0.34 5.1 5.1 
0.482 0.34 7.0 6.8 
0.482 0.34" 5.2 5.0 
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Table 3 


Section size, 0.250 x 2 in. 
Average Instantaneous Clamp Burn-off 
velocity, velocity, distance, distance, Experimental Theoretical 
Alloy in./sec. in./sec. im, in. K K 
618-T 0.053 0.052 1.76 0.12 3.3 0.6 
618-T 0.132 0.126 1.76 0.12 4.3 1.3 
618-T 0.30 0.286 1.76 0.12 5.8 3.0 
618-T 0.157 0.117 2.15 0.12 3.2 1.2 
618-T 0.21 0.158 2.80 0.12 2.9 1.7 
618-T 0.053 0.069 1.76 0.22 2.4 0.7 
618-T 0.132 0.170 1.76 0.22 3.3 aca 
618-T 0.30 0.388 1.76 0.22 5.3 4.1 
618S-T 0.157 0.158 2.15 0.22 2.2 1.6 
618-T 0.21 0.214 2.80 0.22 2.8 2.2 
618-T 0.053 0.085 1.76 0.34 2.9 0.9 
618-T 0.132 0.212 1.76 0.34 2.4 2.2 
618-T 0.30 0.482 1.76 0.34 5.2 5.0 
618-T 0.157 0.197 2.15 0.34 2.0 2.0 
618S-T 0.21 0.266 2.80 0.34 2.9 2.8 
248-T 0.132 0.126 1.76 0.12 3.7 1.8 
248-T 0.30 0.286 1.76 0.12 6.8 4.0 
248-T 0.26 0.221 2.48 0.10 4.8 3.1 
248-T 0.16 0.128 3.40 0.10 3.0 1.8 
248-T 0.26 0.207 3.40 0.10 4.4 2.9 
248-T 0.132 0.170 1.76 0.22 3.1 2.4 
248-T 0.30 0.388 1.76 0.22 5.9 5.4 
248-T 0.26 0.358 2.0 0.20 5.2 5.0 
248-T 0.26 * 0.314 2.48 0.20 4.2 4.4 
248-T 0.16 0.177 3.40 0.20 2.9 2.5 
248-T 0.26 0.293 3.40 0.20 4.0 4.1 
248-T 0.132 0.212 1.76 0.34 2.9 3.0 
248-T 0.30 0.482 1.76 0.34 7.0 6.8 
248-T 0.26 0.437 2.0 0.30 6.3 6.1 


which is the same as the experimental slope previously 
evaluated. 

A comparison is made in Table 2 of the experimental 
slopes and theoretical slopes as computed above for the 
0.250 in. gage of 14S8-T, 248-T and 61S8-T using an 
initial die spacing of 1.76 in. and average flashing ve- 
locities of 0.053, 0.132 and 0.30 in./sec. 

It may be noted in Table 2 that for an average flash- 
ing velocity of 0.053 in./sec. the experimental slopes 
are considerably greater than the theoretical slopes for 
all values of burn off. In the case of the 0.132 in./sec. 
velocity and the 0.30 in./sec. velocity the experimental 
slopes are higher than the theoret- 


the clamps rise to a much higher value than is possible 
in view of the mass and the thermal conductivity of the 
clamps. At the higher flashing velocities the temperature 
distribution curves set up do not require as high a tem- 
perature within the clamps and the requirement of in- 
finite length is approached. Even at the higher flash- 
ing velocities, however, if the flashing interface ap- 
proaches the clamps it is expected that the action of the 
clamps will tend to steepen the temperature distribution 
curves. 

It is apparent therefore that Equation 2 will be useful 
only in predicting temperature distribution curves 


temperature of the specimens within 


ical slopes for 0.12 and 0.22 in. burn- 2m ae 
off distances but are in full agree- ine | Jest 
ment with the theoretical values for MELTING RANGE ts in eee 
the 0.34 in. burn off. te 

In the derivation of Equation 2, 00h 
it is assumed: (1) that quasi- NS 
stationary temperature state ex- NA 
isted, (2) that the bar was of in- 
finite length and (3) that the heat = \ 

= \ ~ 030'/SEC. 

flow was uniaxial. In flash welding © 600 \ ~~O @ THEORETICAL 
aluminum none of these conditions EXPERIMENTAL 
is met exactly. The temperature 
of the flashing interface is rising | 
rapidly during the burn off of 0.12 Iu.g “4 
and (0.22 in. and does not approach Sad a 
a relatively steady state until 0.34 200 0) _—= 
in. burn off. For the slower flash- ze, 
ing velocities the temperature distri- 
bution curves, set up according to os 
Equation 2, would require that the 


Fig. 25 Comparison between experimental and theoretical temperature dis- 


tribution for 61S-T 
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when the temperature distribution curve is such that 
the clamps play no important part, that is, at high 
fashing velocities, and only when the temperature of 
the interface is relatively constant. These conditions 
have been met in this investigation at 0.34 in. of burn 
off and at average flashing velocities greater than 0.132 
in. see. When initial clamping distance is 1.76 in. 

While these limitations are rather severe, they do not 
limit the usefulness of the equation since it is expected 
that optimum welding conditions will require as high a 
temperature at the interface as possible to facilitate the 
elimination of impurities from the weld line and a steep 
temperature gradient to limit the extent of overaging. 
The equation will also be useful in determining the 
limiting value of the termperature gradient since an 
actual temperature gradient will be either as steep or 
steeper than predicted. 

The effect of clamping distance on the temperature 
gradients may be seen in Table 3 in which a comparison 
is made between the temperature distribution curves 
obtained using clamping distances of 1.76, 2.0, 2.15, 
2.48, 2.80 and 3.4 in. It can be seen that the experi- 
mental slopes for the 2.15, 2.48, 2.80 and 3.4 in. clamp- 
ing distances agree with the theoretical values obtained 
with Equation 2, confirming the applicability of this 
equation within the limitations discussed above. 

Table 4 shows the effect of section size on the tem- 
perature gradients set up during flashing. A compari- 
son is made between the experimental and theoretical 
slopes for 148-T in the 0.250 and 0.188 in. gage for aver- 
age flashing velocities of 0.053, 0.132 and 0.30 in. ‘sec. 
It may be seen that the theoretical slopes agree with 
the experimental slopes for 0.34 in. burn off at average 
velocities of 0.132 and 0.30 in./sec. It may also be 
seen that there is no appreciable difference between the 
slopes for the 0.188 and 0.250 in. gages, which indicates 
that the heat flow is approximately uniaxial and that 


Table 4 
Alloy 148-T. Initial clamping distance, 1.76 in. 
Burn- 
Instan- off Ex- 

Average taneous dis- peri- Theo- 
velocity, velocity, tance, mental retical 

Section size in./sec.  in./sec. in. AK kK 
0.188 X 2 in. 0.053 0.052 0.12 2.8 0.55 
0.250 X 2 in. 0.053 0.052 0.12 2.9 0.55 
0.188 X 2 in. 0.053 0.069 0.22 2.6 0.78 
0.250 X 2 in. 0.053 0.069 0.22 2.¢ 0.73 
0.188 X 2 in. 0.053 0.085 0.34 2.8 0.91 
0.250 X 2 in. 0.053 0.085 0.34 2.5 0.91 
0.188 X 2 in. 0.132 0.126 0.12 3.2 1.3 
0.250 X 2 in. 0.132 0.126 0.12 2.9 1.3 
0.188 X 2 in. 0.132 0.170 0.22 2.6 1.8 
0.250 X 2 in. 0.132 0.170 0.22 2.4 1.8 
0.188 xX 2 in. 0.132 0.212 0.34 2.3 2.2 
0.250 X 2 in. 0.132 0.212 0.34 2.2 2.2 
0.188 X 2 in. 0.30 0.286 0.12 5.1 3.0 
0.250 X 2 in. 0.30 0.286 0.12 5.1 3.0 
0.188 X 2 in. 0.30 0.388 0.22 5.2 4.1 
0.250 X 2 in. 0.30 0.388 0.22 5.7 4.1 
0.188 X 2 in. 0.30 0.482 0.34 5.2 5.1 
0.250 X 2 in. 0.30 0.482 0.34 5.1 5.1 


the temperature distribution set up is relatively inde- 
pendent of the section size. The results presented in 
this investigation therefore might reasonably be ex- 
tended to the welding of section sizes other than those 
studied in this investigation. 

A comparison between the temperature distribution 
and the theoretical distribution for 61S-T after a burn 
off of 0.34 in. and average flashing velocities of 0.132 
and 0.30 in./see. using an initial clamping distance of 
1.76 in. is presented in Fig. 25. It may be noted that 
the experimental curve was 50° F. lower than the 
theoretical curve for the slower velocity while the ex- 
perimental and theoretical curves agree within experi- 
mental error for the faster flashing velocity. A com- 
parison between the experimental and_ theoretical 
curves for 61S-T after a burn off of 0.34 in. and an 

average flashing velocity of 0.157 


| 
MELTING 


BURN OFF *0.34" 


in./sec. using a clamping distance 

91% average flash- 
weeiPse of 0.215 in., and an average flash 
ing velocity of 0.21 in. sec. with an 
initial clamping distance of 2.80 in. 


| 1080°F 
1000 Pe |__| __Javerace FLASHING veLociTY« presented in Fig. 26 shows the the- 
| 01877866 oretical and actual curves to be 
INITIAL CLAMPING DISTANCE =2 15" 
| ® EXPEIMENTAL identical. 


800 


TEMPERATURE (*F.) 


THEORETICAL POINTS= © 
= AVERAGE FLASHING VELOCITY« 


(2) EXPERIMENTAL 


A comparison between the theo- 
retical and experimental curves 
O2I7SEC for 0.188 and 0.250 in. 148-T 
after a burn off of 0.34 in. for 
velocities of 0.132 and 0.30 in. 
sec. presented in Fig. 27 indicates 
that there is excellent agreement 
between theoretical and actual 
curves. A comparison of actual 
and theoretical curves for 0.250 in. 
248-T presented in Fig. 28 for 0.34 
in. burn off and average velocities 


IN THEORETICAL POINTS « 
INITIAL CLAMPING DISTANCE « 2 60° 
400 
| 
| } 
° 
a2 03 04 0s 


DISTANCE FROM FLASHING INTERFACE (IN) 


Fig. 26 Further comparison between experimental and theoretical temperature 


distribution for 61S-T 
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of 0.132 and 0.30 in./sec. shows 
that the theoretical and experimen- 
tal curves are identical. 
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Fig. 28 Comparison between experimental and theoretical temperature dis- 


tribution for 248-T 
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POWER MEASUREMENT? S 


Although the foregoing discussion 
of temperature distribution ha. 
dicated that highest strength welds 
may be obtained using high fi. 
ing velocities, economic considera- 
tions make it advisable that the 
relationship between flashing veloc- 
ity and power input be known 
since the higher flashing velocities 
might require machine capacities 
greater than economically feasible 
especially in larger sections. For 
this reason the effect of flashing 
velocities and section size on the 
peak power and total energy input 
was determined. 

Curves showing the effect of sec- 
tion size on power level and total 
energy input for 14S alloys are pre- 
sented in Fig. 29. Since the power 
level curves for all alloys in the an- 
nealed and age-hardened tempers 
were identical no distinction has 
been made between O and T' temp- 
ers. The peak powers were meas- 
ured and the total energy under 
the power curves was computed. 
The variation in peak power and 
total energy input as a function of 
section size for a flashing velocity 
of 9.132 in./sec. and a total burn 
off per specimen of 0.53 in. are pre- 
sented in Figs. 30 and 31. It can 
be seen in these figures that both 
the peak power and total energy 
input are directly proportional to 
the section size. 

Power measurements were made 
during the flashing of 148, 248, 53s, 
615 and 755 in the 0.250 x 2 in. sec- 
tion size using the flashing velocities 


of 0.35, 0.132 and 0.053. in. 


sec. 
148 0.250" 2” — 4 148 0128" «2" 
AVERAGE FLASHING VELOCITY: 0.132 SEC. | AVERAGE FLASHING VELOGITY 20132 "SEC. 
TOTAL ENERGY INPUT KW.-SEC. TOTAL ENERGY INPUT “2 
| oe 
° 
2 3 2 3 4 
40}— 148 2" el 4s 0.064" « 1.25" | 
AVERAGE FLASHING VELOCITY*0.132'/SEC. AVERAGE FLASHING 0.132 VSEC 
so}— PEAK POWER*46Kw. — 6 PEAK POWER 6.6Kw 
TOTAL ENERGY INPUT® 81.0 KW.-SEC. TOTAL ENERGY INPUT«I6.5 KW-SEC 
— — 7 — 
20 | | | 
2 3 a 2 3 4 
FLASHING TIME (SEC) 


Fig. 29 Power curves showing effect of section size on power level and total energy input for 14S 
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| GENERAL DISCUSSION 
| | A 
| 
AVERAGE BURN OFF VELOCITY 00.188 perature distribution existing dur- 
t ing the flash welding of the alumi- 
num alloys has permitted to some 
At extent the prediction of the tem- 
of the prediction of the 
xX |} perature gradients existing in the 
| | | specimens, the effect of the vari- 
Bae if ables of the process on these tem- 
2 | I | | perature gradients, and a method of 
: | | approximating the power required 


to produce a particular temperature 
distribution for a given section 


— size. While many of the features 
=a = don concerning the flash welding process 
LA | 7 | will be of immediate use in the 
. | | | selection of optimum flash welding 
0.1 02 03 04 os conditions, a complete knowledge 
section size (wt of the flash welding process as ap- 

Fig. 30 Variation of peak power with section size for 14S 


These power measurements indicate that peak power 
and total energy input are essentially the same for all 
alloys at each velocity. 

Several power level records were taken for each of the 
alloys mentioned above using the four section sizes 
available and a range of velocities from 0.053 to 0.35 
in./sec. and several different clamping distances. The 
peak power per square inch of cross section obtained 
from these records was plotted as a function of in- 
stantaneous flashing velocity, as presented in Fig. 32. 
This curve indicates that the peak power is directly 
proportional to the section size and instantaneous 
flashing velocity, for identical cam contours. 

The power curves have been compared after burn 
offs of 0.53 in. at which distance the temperature dis- 
tribution curve indicates that the temperature of the 
interface was at the melting point 
of the alloy. This relationship may 


plied to the aluminum alloys will 
require further investigation of the 
upset portion of the welding cycle. 

It is expected that the use of higher temperatures at 
the flashing interface as a result of longer flashing dis- 
tances will permit the elimination of the oxide from the 
weld line with less upset travel and much less upset 
force than has been necessary heretofore. ‘The steeper 
temperature gradients produced by the higher flashing 
velocities should aid in the elimination of the oxide since 
a major portion of the upset must take place in the im- 
mediate vicinity of the welding interfaces. 

Hence, a study should be made of the effect of tem- 
perature of the interface and temperature gradient on 
the upset force necessary to eliminate the oxide from 
This can be accomplished by means of 
the upset force indicator shown in Fig. 2. 

A study should also be made of the effect 


the weld line. 


of the 


distances at which the tempera- ond : = 
tures of the interface were some- AVERAGE BURN OFF VELOCITY=0.132°/SEC e 


what lower. 

It can be seen from the consid- 
eration of the power curves pre- 
sented above that the power re- 
quired for flashing is directly pro- 
portional to the flashing velocity 
used and the section size being 
welded. The kva. machine capac- 
ity required for welding a definite 
section size at a given flashing ve- 
locity may be computed from the 


TOTAL ENERGY INPUT (KW.SEC.) 


above curves if the power factor of 
the equipment is known. Measure- 
ments of current, voltage and power 


+ 
+ + + + 
+ 


input indicate that the power factor 
of the equipment used in this inves- 


tigation was approximately 85°%. Fig. 31 
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limits of this investigation. 


SECTION SIZES 
0.250" x 2” 


4. The temperature distributi 
curves are steeper for the fas: 


0.168" x 2" 
0.125" x 2” A 


flashing velocities. 


0.064" x 1.25" 
200 A 


5. The temperature distribution 


curves may be defined by the equia- 


tion, T, = T,+(T,— 


where 7’, is the temperature in ° F. 


at a point x distance from the flas|)- 


PEAK POWER (KW/IN*) 


ing interface, 7, is room tempera- 


100 


» 


ture, 7, is the temperature of the 


flashing interface in degrees F, \ | 


Is 


the flashing velocity, a is the ther- 


mal diffusivity and E is the Naper- 


ian constant, as long as the tempera- 


ture distribution is such that the 


clamps have no appreciable effect. 
These 


0.2 0.4 


Fig. 32 


machine inductance on the rate of rise of the tempera- 
ture of the interface with flashing distance and on the 
variation of the power level with flashing velocity. 

Since the final weld strength will depend on the time 
temperature cycle to which the weld and the adjacent 
material have been subjected during the welding proc- 
ess, a study should be made of these thermal cycles, 
including the effect of temperature distribution prior 
to upset and of the upset current duration and magni- 
tude. The rapid closure distance and the rate of rapid 
closure should also be studied since these variables may 
affect the elimination of the oxide from the weld line 
and the heating effect of the upset current. 


CONCLUSIONS 


As a result of this investigation it may be concluded 


1. The secondary voltage used during the flashing 
cycle has no appreciable effect on the temperature dis- 
tribution set up during flashing as long as the secondary 
voltage is sufficient to maintain flashing. Further- 
more the secondary voltage used has no appreciable ef- 
fect on the power input to the flash-welding machine 
during flashing. 

2. The average temperature of the flashing inter- 
face is dependent on the burn-off distance. The aver- 
age temperature of the flashing interface does not ap- 
proach the melting point of the alloy until a consider- 
able amount of the material has been burned off each 
specimen. 


3. The average temperature of the flashing inter- 


0.6 


INSTANTANEOUS FLASHING VELOCITY (IN./SEC.) AT MAXIMUM BURN OFF 


Variation of peak power with instantaneous flashing velocity 
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conditions are met when 
08 using high flashing velocities with 

wide clamping distances. Since the 
equation presented above is general 
it is believed to be applicable to the 
flash welding of materials other than aluminum as well. 

6. The initial clamping distance has an effect on the 
rate of rise of the temperature of the interface with 
higher temperatures being reached after the same 
amount of burn off with greater initial distance between 
the clamps. 

7. The proximity of the clamps tends to steepen the 
temperature distribution curves to a greater value than 
that predicted by the equation in conclusion 5. 

8. Peak power input during flashing is directly pro- 
portional to flashing velocity and section size. 

9. The total energy input during flashing at a given 
flashing velocity is directly proportional to the volume 
of material flashed. 
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HE purpose of this investigation was 
to determine, using pressure vessels, 

the mechanical properties of a semi- 
killed steel when subjected to combined 
stresses at low temperatures. For this 
purpose spherical shell specimens of semi- 
killed steel were subjected to internal 
pressures to rupture. The mechanical 
properties determined include the plastic 
stress-strain relations, yield, ultimate and 
fracture strengths and ductility. In these 
tests a combined state of stress was pro- 
duced consisting essentially of biaxial 
stresses of equal magnitude. A compari- 
son of the actual true plastic stress-strain 
relation with the theoretical values shows 
that for the room temperature test the 
Generalized St. Venant Theory gives a 
good approximation to the test results. 
The yield, true and nominal ultimate 
strengths for the room temperature test 
are in best agreement with the Shear 
Theory, while the nominal and true frac- 
ture strengths agree best with the Stress 
Theory. The ductility values based on 
wall thickness measurements for the room 
temperature test were found to be in good 
agreement with the Generalized St. Ven- 
ant Theory. A decrease in temperature 
caused a reduction in combined stress duc- 


Joseph Marin, V. L. Dutton and J. H. Faupel 
are members of the Engineering Experiment 
Station, The Pennsylvania State College, State 
College, Pa. 


12 t.pede 


ests Spherical Shells the Plastic 


» Plastic stress-strain relations for spherical shells subjected to in- 
ternal pressure and low temperatures. 
temperature obtained by small bend specimens cut from spheres 


by Joseph Marin, V. L. Dutton and J. H. Faupel 


Relationship of transition 


1.414" 0,387 Dis, 70,001" 


Gage Length of Specimen 


0.707 | 


58 
Reduced Section id 


3.9 


0.707 


Fig. 1 Tension-control specimen for spherical shell 


tility values. The yield, ultimate and 
fracture strengths for the combined state 
of stress used were found to increase with 


decrease in temperature. 


INTRODUCTION 


Several investigations have been con- 
ducted in recent years to determine the 
mechanical properties of metals subjected 
to combined stresses and low tempera- 
tures.! Partly as a result of Liberty Ship 
failure during World War II, the Weld 
Stress Committee of the Welding Re- 
search Council proposed the investigation 
reported in this paper. This investigation 
deals with the determination of plastic 
stress-strain relations in large spherical 


shells subjected to internal pressures and 
temperatures from about +80 to —25° F. 


MATERIAL TESTED— 
CONTROL TESTS 


The spherical specimens were made by 
welding together two machined hemi- 
spherical shells which were initially pressed 
from flat plates. The pressed hemispheri- 
cal shells had an inside diameter of 18'/, 
in., wall thickness of 7s in. and a straight 
flange section of 1'/. in. width. The steel 
selected was a commonly used semikilled 
steel conforming to A.8.T.M. Specification 
A-285-46 


The chemical and physical 


A70-44 (present equivalent 
Grade C 
properties are as shown in Table 1. The 


Mill 
order Melt Slab Series 
No. No.t No. No. 
18165 A (23217) 33 T 0.23 
B 
B 20673 17 = 
B 


0.22 


——Test piece 


——Chemical analysis——._— Thick, Area, 


Mn ad S in. in.? 
0.44 0.016 0.036 0. SSI 0.129 
0.39 0.013 0.030 0.890 0.131 
0.885 0.134 


Table 1—Chemical and Physical Mill Test Results of **Semikilled Firebox Steel”? Used for Spherical Shells* 


~ 


Yield Tensile 

point, strength, Elonga- Size 

pst., psi., tion, of 

x 10-8 x 1078 % plate 
60.8 17-18'/4 

38.8 59.4 31 I.D. x 7/s 
60.6 12-18'/, 

37.9 9.5 31.5 I.D. x 7/5 


* Data supplied by Lukens Steel Co. 
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Notched Surface 


Top 


Plan of Ring Cut From Spherical 


(a) 


Specimens 


1 JA A2 


Tension 


Specimey 


B2]|B2 


Tension Tension 
Specimen 1%1% Specimen 


19 


Al A2|A2 


Bl B2/B2 Cl 


C2|C2 20 


19 


D 1 


Tension 
Specimen 


Dl D2|D2 2 


Bottom 


data given in Table 1 are mill test results 
as supplied by the Lukens Steel Co. where 
the shells were fabricated. In Table 1, two 
melts of steel are shown. Hemispheres 
from Melt A were used for the test part of 
the spherical specimens, while hemis- 
pheres from Melt B were used for the inlet 
part of the spherical shells through which 
the internal pressure was applied. 

The cylindrical flange sections of the 
hemispherical shells from Melt A were 
used for the control tests. Three types of 
static tension 
temperature Charpy 
impact tests and transition temperature 
slow bend tests. The purpose of these 
tests was threefold: (1) 


control tests were made: 


tests, transition 


to more com- 


completely define the steel tested, (2) to 
determine possible variations in the steel 
tested and (3) to correlate data on small 
specimens using simple standard tests 
with the more expensive and larger size 
spherical shell specimens. 


Static Tension Control Tests 


Four 


tension control specimens, as 
shown in Fig. 1, were cut from the flanges 
of each test hemisphere from the locations 
shown in Fig. 2. Typical nominal stress- 
strain diagrams for these tension specimens 
are shown in Fig. 3. The yield strengths, 


594-s 


Impact 
Specimens 


Impact Specimens 


as measured by the A.S.T.M. offset method 
using an offset strain of 0.002 in. per in., 
are given in Table 2. 
plastic stress-strain diagrams based on 
measurements of the minimum diameter 
are shown in Fig. 4. The true stresses and 


Typical tension 


Impact Specimens 


(b) = Develoved View of Ring in Figure (a) 
Fig. 2 Location of tension and impact specimens in shell flange 


strains used in Fig. 4 were computed by 
equations 1 and 2 (see Appendix), namely: 


c= 


wd? 


| 74 | | | 
| | 


3, 10 


- PS 


Legend 


O = Specimen C 


Specimen B 


2 Specimen D 


1 
Unit Strain « 


2 
In. per In, Z 10 


3 


3 


Fig. 3 Elastic stress-strain diagrams for the tension-control specimens 
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Table 2—Tension Con trol Test Results 


— > Nominal stress-strain True stress-strain values — 
Specimens Strengths, psi., X ——Ductility—— Strengths, 
from Elonga- Reduc- Modulus of pst., X 10-3 True 
sphere Spec. Yield, Yield, Ulti- Frac- tion, % tion area, elasticity, Ulti- Frac- ductility, 
Vo. No. upper A.S.T.M. mate ture 1-in. gage % pst., X 10-* mate ture n in. /in.* 
| ] 44 38.0 62.2 48.6 31.3 59.0 27.0 74.8 118.7 0.31 123 0.89 
2 44.5 43.0 64.3 54.5 25.0 51.5 30.0 81.4 110.2 0.27 121 0.73 
3 43.0 39.0 63.1 48.7 35.0 45.2 27.7 94.2 
4 44.0 40.0 62.4 49.5 40.0 55.6 29.7 78 .2 111.3 0.25 S 0.82 
Av. 44.0 10.0 63.0 50.3 32.8 52.8 28.6 82.3 113.4 0.27 120 0.81 
3 1 65.3 62.6 50.6 57.0 32.5 76.3 118.2 0.85 
2 39.2 62.3 49.8 60.5 25.6 77.0 125.7 0.92 
3 39.4 62.8 53.9 54.9 28.4 76.5 119.2 0.80 
4 36.8 63.4 50. 59.0 30.7 77.0 122.8 ; 0.89 
Av. 37.7 62.8 51.1 57.8 29.3 76.7 121.5 0.27 118 0.87 
4 ] 41.8 71.0 71.0 7.4 29.6 77.9 124.0 0.85 
2 40.1 64.1 57.3 55.0 29.4 77.0 127.5 0.80 
3 37.2 65.2 56.5 51.5 26.2 77.5 116.5 0.72 
4 40.8 59.9 45.1 62.5 26.4 77.0 120.2 0.98 
Av. 40.0 65.1 57.5 56.6 27.9 77.4 122.0 0.25 125 0.84 
0 56.0 32.1 76.9 111.0 0.82 
55. 6 58.4 27.6 77.9 107.3 0.88 a 
o6. 56.4 32.0 74.3 107.1 
58. 43.1 64.5 28.1 74.0 121.3 
5 57. 45.9 7 «1 29.9 75.8 111.7 0.28 108 
59.5 45.0 62.4 28.3 73.0 119.5 0.98 Lay 
13.0 53.6 55. 1 29.8 81.5 119.2 0.80 4 
2 63.5 49.7 58.0 29.6 77.3 118.0 0.87 
37.2 69.0 52.0 56.3 30.5 77.2 119.0 0.83 
Av. 40.0 ie 62.5 50.1 5 5 8.8 é 
Av. 39.6 40.0 62.2 51.0 32.8 “ 


* Based on reduction in area, 


2 log. (*) (2) 


« = log. (1 +e) = 


where 


o = the true stress 


= the true strain 
P= 
do 


the tensile load 
the 


a 
ll 


load P 


original diamete 


the diameter of the specimen at the 


= the nominal axial] strain 
The 


plotted in Fig. 5on a log-log basis to deter- 


true stress-s train diagrams are 


r of specimen 


and strain 


These 


mine the Strength coefficient / 


hardening exponent n. material 


Sphere 3 


Ze 
| 
i 
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Sphere 6 


Fig. 4 
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constants are the values of k and n in the 
equation 


ken 


(3) 


values of k and n as obtained from Fig. 5 
are given in Table 2. Table 2 also gives 
values of the true fracture strength, true 
strain at fracture or true ductility (based 
on the minimum diameter), nominal values 
of tensile strength, per cent elongation and 
per cent reduction in area. 

In Figs. 4 and 5, average stress-strain 
relations for the four test specimens 
machined from each spherical shell were 
used, 


Transition Temperature Impact Tests 


The transition impact test results and 
their interpretations were supplied by the 
Naval Research Laboratory. An Amsler 
pendulum-type impact machine of 220 ft.- 
lb. capacity was used at a striking velocity 
of 17.4 ft. per second to determine the 
transition temperature. Standard Charpy 
impact specimens were selected from the 
flange cut from spherical Shell 1, as indi- 
cated in Fig. 2. Tests were made at six 
temperatures and values of energy ab- 
sorbed vs. testing temperature are plotted 
in Fig. 6. The transition temperature was 
selected as 40° F. This temperature selec- 
tion was based upon visual examination 
of the fracture specimens. The tempera- 
ture is noted at which the first evidence of 
brittleness occurs. The first trace of 
brittleness is readily noted by the small 
patches of bright facets that stand out in 
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Fig. 5 Log-log plots of average plastic true stress-strain relations for tension 
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contrast to the dull fibrous appearance of 
the rest of the fracture as indicated in 
Fig. 

Slow Bend Tests 


Slow bend tests at various temperatures 
have been recently proposed? to determine 
transition temperatures of steel. The 
dimensions of the specimen used are given 
in Fig. 7. The test results are shown in 
Figs. 8 (a) and 8 (b). These test results 
were supplied by Dr. John Low, Head of 
the Metallurgy Dept., the Pennsylvania 
State College. The results show that the 
transition from brittle to ductile behavior 
occurs at a temperature of between 39 and 
16° F. 

TESTS OF SPHERICAL SHELLS 
SUBJECTED TO INTERNAL 
PRESSURES 

Test Specimens 


Each test specimen was made of two 
pressed hemispherical shells machined 


and welded (as shown in Fig. 9) by the 
Northwestern Tool and Engineering Co. 
in Dayton, Ohio. Before and after ma- 
chining, the shells were annealed by heat- 
ing gradually, from 7 to 8 hrs., to a tem- 
perature of 1150 to 1200° F. The shells 
were maintained at this temperature for 
a period of two hr. and then the tempera- 
ture was gradually reduced to room tem- 
perature at a rate of about 150° per hour. 
As a result of a defective plug weld on 
Specimen 2, the girth and plug welds on 
subsequent specimens were X-rayed to 
determine the presence of any major flaws. 
These precautions did not prevent a weld 
failure of the girth weld on the next speci- 
men. From an examination of the chev- 
rons on the fractured surface of the speci- 
men it appears as if failure started at one 
end of the backing ring used for the girth 
weld. That is, it is likely that the stress 
concentration in the weld at the end of the 
backing ring is sufficiently large to cause 
failure. To prevent failure at the girth 
weld on specimens 4-6, the wall thickness 
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of the test section was reduced from 0.500 
to 0.400 in. to insure failure away from 
the welds (Fig. 9). 

A spherical shell of the dimensions 
shown was selected since such a specimen 
provides essentially a biaxial state of stress 
over an appreciable area. That is, the re- 
straining influence of the inlet section is 
small compared to the restraint that would 
be present with hemispherical shells. 
The relative value of the wall thickness to 
diameter is such that the sphere can be 
considered as thin walled and the stresses 
as uniformly distributed. That is, the per- 
centage error in the elastic stress using the 
thin-walled spherical shell equation 1s less 
than 2°. The variation in the wall thick- 
ness of the specimens over the test section 


before testing was less than 0.2%. 


Test Equipment 


Figure 10 shows a schematic drawing of 
the equipment used for testing the spheri- 
cal shells under internal pressures \ 
modified Excello pump unit, P, was ¢on- 
structed to supply internal oil pressure to 
the specimen, S. To provide re variable 
rate of application of the oil pressure tor 
loading in the plastic range, a rheostat of a 
motor generator set was used. Between 
the pump, P, and sper imen, S, a pressure 
measuring unit, G, consisting of three 
pressure gages, was employed.  Cali- 
brated pressure gages with ranges of 2000, 
8000 .and 10,000 
equipped with adequate cutof valves, 


ctively, 


permitted the necessary accuracy ol 
reading throughout the entire range ot 
loading. Between the pressure measuring 
unit and the specimen a cooling unit, C, 
was provided to cool the oil delivered by 
the pump before it entered the sphere 
The cooling unit consisted of a mixture ol 
dry ce and acetone. To insure adequate 
COK ling, the pipe enclosed in the cooling 
mixture was coiled into sev ral turns and 
pieces of dry ice were added during the 
progress of the test. The temperature of 
the oil leaving the cooling unit was meas- 
ured by a thermocouple. The specimen 
and test stand were enclosed in a ‘‘clima- 
tometer” o1 low-temperature room, R, 
cept for the room temperature test of 
Specimen 1. The specimen, S, on the 
table, 7’, has a protection cover, PC, which 
can be lowered over the specimen and 
clamped to the table, 7. A trough, &, is 
used to transfer oil to the vessel, V, when 
the specimen ruptures. The specimen is 
connected to the pipe by means of the 
valve connection, X. 

The strains were measured by SR-4 elec- 
tric gages using the switching unit, U, and 
strain indicator, 7. The elastic strains 
were measured for three !*/;.-in. gage 
lengths using a Type AR-1 rosette located 
at the top of the spherical specimen. 
Plastic strains were measured by SR-4 
clip gages (Fig. 11) and, for most of the 
spheres, strains were measured at locations 
shown in Fig. 12. Figure 13 is a photo- 
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6: t = 0.40-in. + 0.002 


PressurecMeasuring Unit (G) 


Inlet, 3 pressure piping 


Fig.9 Spherical test specimen 


Notes: (1) Wall thickness varied from 0.52-in. + 0.002 at A to 0.50-in. + 0.002 at B for speci- 
mens 1,2 and 3. (2) Wall thickness varied from 0.52-in. = 0.002 at A to 0.40-in. 


* 0.002 at C 
for specimens 4,5 and 6. (3) Specimens 1, 2 and 3: 


t = 0.50-in. + 0.002; specimens 4, 5 and 


Cold Room 


Protection Cover(Pr) 


Specimen (S) 


graph of the equipment used in the roo, 
temperature test and shows most « the 
equipment referred to in the foregoing. 


Test Procedure 


The specimen was first prepared fo, 
testing by soldering pairs of lugs (Fig. 13 
for engaging each clip gage. These jugs 
were attached to the specimen at th, 
locations shown in Fig. 12, 2 in. apart, to 
provide an initial gage length of 2 jp 
Before attaching the clip gages to the 
sphere, all clip gages were calibrated with 
the micrometer device shown in Fig. 14, 
With this device, movements at the ends 
of the clip gages can be measured both by 
the micrometer and by the strain indica- 
tor. The strain indicator gives a measure 
of the deformation produced in the SR-4 
electric gages that are attached to the top 
and bottom surfaces of the clip. By cali- 
bration of these gages with the micrometer, 
the strain indicator reading is related to 
the actual strain of the specimen over a 2- 
in. gage length. 

The liquid used for applying the internal! 
pressure was a univis-J-43 low-temperature 
oil supplied by the Standard Oil Company 
of Pennsylvania. Before testing, the 
specimen was filled with oil and the air 
removed by an inlet and outlet pipe. Tix 
specimen was then connected to the pump 
unit as shown in Figs. 10 and 13. The 
elastic strain rosette was attached to the 
top of the specimen and the clip gages were 
inserted between lugs at the various loca- 
tions indicated in Fig. 12. Wires from the 
strain rosette and the 17 clip gages were 
connected to the strain indicator through 
a switching unit, U. A dummy SR-4 
gage was provided for temperature com- 
pensation. Thermocouples were placed at 
three locations on the sphere to measure 
any change in the temperature during the 
test. The protection cover, C, was then 
placed over the specimen and the tempera- 
ture of the climatometer was lowered to the 
desired temperature. The initial strain 
gage readings, corresponding to a small 
initial pressure, were then recorded. The 


\ 


Switching Streia 
Unit (U) Indicator (I) 


Trough (R) 
Table (T) 


x 


Vessel 


(Vv) 


Motor Generator Set 
(™) 


Excello Pump Unit Cooling Coil 


(P) 


(Cc) 


Fig. 10 Schematic drawing of test equipment 
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interval pressure was applied and strain taken in all cases near the top of the Test Results 

readings taken at selected pressure values spheres where failure started, except for 

to rupture. After rupture, strains on the shells 2 and 3 where failure started at the The biaxial elastic and plastic nominal 
fractured specimens were measured at welds. The location of the origin of fail- strains are first determined from the SR-4 
yarious locations, using circles initially ure was determined by the chevron pattern electric strain gage readings, using the 
scribed on the specimens. Ductility values of the fractured surfaces. Due to various gage and calibration constants for each 
were also obtained by measuring the factors beyond control, the temperature 

changes in length between lugs and by of testing could not be maintained con- 

measuring the reduction in wall thickness. stant. Variations in the temperature for 

The foregoing strain measurements were each test are indicated in Table 3. 


Table 3—Temperatures of Test Specimens 


Specimen Initial Average intermediate Average final 
Vo. Temp., °F. temp., ° F. Temp., ° F. 
1 +80 +80 + 100( +) 
2° —35 —30 —28 
3* —27 —20 +16 
‘ —20 - 8 +12 
5 —43 —25 —25 
6 +20 +42 +60 


* Specimens fractured in welds. 
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Fig. 12 Location of strain gages on 
specimen 
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particular clip gage or strain rosette gage. 
The biaxial plastic strains were determined 
as true plastic strains based on a changing 
gage length (Appendix), or 


« = log. (1 + en) (4) 


where eo is the nominal strain for the di- 
rection considered. The nominal elastic 
stresses were computed by the thin-walled 
spherical shell formula, or 

pDo 


(5) 


710 = FH 
where 


Do = the initial inside diameter 
to = the initial wall thickness 


The true plastic stresses were computed 
by the thin-walled shell formulas as given 
by Equation 5, but using the actual values 
of the diameter and wall thickness in place 
of the original values of the diameter and 
wall thickness. Then the true biaxial 
plastic stresses are (Appendix) 


(1 €i9)* (6) 
0 


The nominal stress-strain diagrams, based 
on the strain rosette readings and for the 
initial part of the stress-strain range, are 
given in Fig. 15. Figure 16 gives the true 
stress-strain diagrams for the clip gage at 
the top of the spherical shell. The data 
from the clip gage at the top of the spheri- 
cal shells was used in plotting Fig. 16, since 
on specimens 1, 4, 5 and 6 failures started 
at the top. Furthermore, a plot of all the 
data from clip gages on the test part of the 
specimen for Shells 1 and 3 showed that 
there was little difference between the 
stress-strain relation as given by the vari- 
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NOMINAL STRAIN ~- IN./ IN. 
Fig.15 Nominal stress-strain diagrams (elastic range) 


ous clip gages. 


For these reasons Fig. 16 
shows plots of data from one clip gage only. 
Approximate values of the final strains, as 
obtained on the fractured specimens and 
based on wall thickness values, are also 
shown in Fig. 16. 

Using the nominal stress-strain relations 
of Fig. 15 and an equivalent offset strain 
€ as given by Equation 8a (Appendix) the 
biaxial yield strength values were deter- 
mined. In obtaining the equivalent offset 


strain value, the following values were 
used in Equation 8a: Poisson’s ratio = 
0.30; ep = 0.002 in. per inch; FE = 30 X 
10° psi.; 
simple yield stress ¢, = 39.6 psi. as given 
in Table 2. 
strength obtained in the foregoing manner 
is listed in Table 4. In Table 4 other 
nominal values are given, including the 


and the average value of the 


The combined stress yield 


nominal ultimate strength, nominal frac- 
ture strength, nominal ductility based on a 


Table 4A—Nominal Values of Combined Stress Mechanical Properties 


Ratio: 


Specimen Temp., Value of value at low temp./ 
Property No. wat Sa property — value at room temp. 
Yield strength, upper yield, 1 + 80 37.4 1.00 
psi., X 10-3 6 + 20 33.8 0.90 
4 — 20 36.8 0.98 
5 — 43 50. OF 1.34 
2t — 35 38.8t 1.04 
3t — 27 35.6t 0.95 
Ultimate strength, psi., X 1 +100 55.0 1.00 
i 6 + 60 63.5 1.15 
4 + 12 67.5 1.23 
5 — 25 71.1 1.29 
2t 44 Ot 
3t + 16 58.3t 
Fracture strength, psi., x 1 +100 48.4 1.00 
10-8 6 + 60 60.5 1.25 
4 + 12 61.8 1.28 
5 — 25 70.0 1.45 
2t — 28 44.4t 
3t + 16 58.0¢ 
Elongation, % 1 +100 31.0 1.00 
6 + 60 24.0 0.77 
4 + 12 19.0 0.61 
5 — 25 27.0 0.87 
t — 28 1.9} 
t + 16 5.0} 


* See Table 2. 
+ Value based on Fig. 16. 
t Specimens failed in welds. 
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Table 4B—True Values of Combined Stress Mechanical Properties 


Specimen 
Property No. 
Truc ultimate strength, psi., ] 
107-8 6 


True fracture strength, psi., 1 
10-3 6 


True ductility, based on 2 l 
in.-gage length, in. /in. 6 


True ductility, based on wall ] 
thickness, in. /in. 6 


Temp., 


Ratio: 


Value of Value at low temp. 


"Ff." property value at room temp. 

+100 68.0 1.00 
60 81.6 1.20 
12 89.2 1.31 
25 133.0 1.96 
28 47 
16 68 
00 131.0 1.00 
60 130.0 0.99 
12 113.0 0.86 
25 162.5 1.24 
28 47 
16 66 
00 0.27 1.00 
60 0.21 0.78 
12 0.17 0.63 
25 0.24 
28 0.02t 
16 0.05t 
00 0.36 1.00 
60 0.27 0.75 
12 0.21 0.58 
25 0.30 0.83 
28 


0. 


* See Table 2. 
+ Specimen failed in weld. 


2-in. gage length and change in wall thick- 
ness. 

Values of true biaxial ultimate strength, 
true fracture strength and true ductility 
are also given in Table 4. It should be 
noted that the true ductility, as calculated 
by Equation 4, represents an average 
value for a 2-in. gage length and is not a 
measure of the local deformation where 
fracture occurred. 

Table 4 also gives a comparison of 
nominal strengths, true strengths, nominal 
ductilities and true ductilities for the vari- 
ous temperatures considered. The varia- 
tion in the combined stress properties with 
temperature are represented in Fig. 17. 
Photographs of the six fractured specimens 
are shown in Fig. 18, and close-up views 
showing the fractured surfaces where fail- 
ure started are given in Fig. 19. Figure 18 
shows the brittle nature of the fracture for 
the low-temperature tests compared to the 
room-temperature test. 


Interpretation of Test Results— 
Room-Temperature Test 


In the Appendix the theories are given 
for the predicted theoretical values of the 


, room-temperature test 


combined stress mechanical properties 
based on the uniaxial simple tension prop- 
erties. 

The theoretical vield stress values based 
on the distortion energy, stress and shear 
theories (Appendix) and using the yield 
stress in simple tension are given in Table 
5. A comparison of these predicted yield 
stresses with the actual vield stress for the 
shows that the 
shear or distortion energy theories are in 
best agreement with the experimental 
value. 

Table 5 also gives a comparison of the 
actual nominal and true ultimate and 
fracture strengths and values based on the 
maximum stress and maximum = shear 
An examination of the values 


given in Table 5 shows that the shear 


theories. 


theory is in best agreement with the test 
results for the ultimate strengths, and the 
stress theory agrees best with the fracture 
strengths. 

Comparisons of the actual true ductility 
and wall thickness change with values 
Generalized St. Venant 
Theory are also given in Table 5. Al- 
though the theoretical true ductility values 


based on the 


are not in agreement with the test results, 


Table 5—Comparison of Theoretical and Actual Combined Strengths and 
Ductilities for Sphere 1 


Property 
Yield strength, psi., X 10 
Ultimate strength, nominal, psi.,  10~* 
Ultimate strength, true, psi., * 107‘ 
Fracture strength, nominal, psi., X 107° 
Fracture strength, true, psi., X 107° 
Ductility, true 
Wall thickness values 


Theoretical values — 
Actual Stress Shear 
value theory theory 
37.4 10.0 36.0* 
55.0 63.0 57 .1 
68.0 82.3 76.4 
48.4 50.3 45.1 
131 .¢ 113.4 108.2 
0.27 0.47 0.40 
0.24 0.20 0.22 
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* Same value obtained with Distortion Energy Theory. 


Marin, Dutton, Faupel 


Tests of Sphe rical Shells 


the theoretical wall thickness change is in 
good agreement with the actual values. 
The significant stress-strain relations* 
for the various specimens are shown in 
Fig. 20. 
stress-strain relation for the room tem- 


Figure 21 shows the significant 


perature test and the simple tension true 
stress-strain relation. An examination of 
Fig. 21 shows that there is good agreement 
between the stress-strain relations pre- 
dicted by the Generalized St. Venant 


Theory and the test results. 


Interpretation of Test Results— 
Low-Temperature Tests 


An examination of Table 4 and Fig. 17 
shows that for the combined stresses con- 
sidered and for the range of temperatures 
used there is some increase in the yield and 
ultimate strengths with decrease in tem- 
perature. Table 4 and Fig. 17 show that 
there is some reduction in ductility with 


decrease in temperature. 


CONCLUSIONS 


For the semikilled steel considered and 
for the range of low temperatures covered 
by this investigation, the test results 
showed that (1) a decrease in temperature 
produced an increase in the combined 
stress yield and ultimate strengths; (2) 
a decrease in temperature produced a 
decrease in the combined stress ductility 
Although the change in ductility was small, 
the specimens tested at the low tempera- 
tures fractured into a number of pieces. 

For the semikilled steel tested and for 
the room-temperature test, the actual 
stress-strain relations and ductility based 
on wall thickness change agree with the 
Generalized St. Venant Theory. 
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APPENDIX 
STRESS-STRAIN PLASTICIPY 


RELATIONS FOR COMBINED 
STRESSES 


Several theories have been proposed for 


* As defined in the Appendix 
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predicting the mechanical properties of 
materials when subjected to combined 
stresses. These theories attempt to define 
the mechanical properties under combined 
stresses in terms of the uniaxial simple 
tension properties; that is, the yield 
strength, ultimate strength, fracture 
strength, plastic stress-strain relations and 
ductility for combined states of stress are 
predicted on the basis of the simple ten- 
sion stress and strain values. For this 
purpose it is necessary first to summarize 
the simple tension stress-strain relations. 


True Plastic Stress-True Strain Rela- 
tions for Simple Tension 


In the plastic range the changes in gage 
length and cross-sectional area of a tension 
specimen become large and the stress and 
strain can no longer be defined as the 
nominal stress and nominal strain based 
on the original gage length and original 
cross-sectional area. For tension speci- 
mens of round cross section, the true stress, 
based on the changing specimen dimen- 
sions, is defined as 


where 


A 


the tensile load 


the cross-sectional area at the load 
P 


TRUE STRAIN - IN. PER IB. 


d = the diameter at the load P 


The true strain is defined as 


where 


Lo = the original gage length 
L the gage length at the load P 


In the plastic range the volume remains 
constant; that is, Asolo = AL or L/Lo = 


Fig. 16 True stress-strain diagrams 


where Ao and dp are the original cross-sec- 
tional area and diameter, respectively 
The true stress-strain diagrams in Fig. 4 
are plotted based on equations 1 and 2 
and using load values P and minimum 
values of the diameter d. When the log 
true stress and log true strain are plotted, 
as shown in Fig. 5, the data can be ap- 
proximately represented by a 


straight 
line; 


that is, the relation between the 


3 true stress and true strain is 
Ao/A. Then the true strain value is 
ozxke (3) 
L Ao do 
e = log. — = log, — = 2 lo 2) 
* Be \ where 
80 40 
60 30 
— 

* 40 5 
i 
. a 
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Q Practure Strength 
a Yield Strength’ 
-40 -20 20 


40 60 80 100 


TEMPERATURE, DEG. F. 


Marin, Dutton, Faupel—Tests of Spherical Shells 


Fig. 17 (a) Variation of nominal biaxial properties with temperature 
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(plastic rartge). R, denotes rupture 
k= the strength coefficient 
n = the strain hardening exponent 


Stress and Strain Values for Spherical 
Shells Subjected to Internal Pres- 
sures 


For an element on the inside of the shell, 
the state of stress is triaxial with o; = o2 


of the shells are the sarthe as the outside 
surface. Then by Equation a, if «0 = «2 
are the nominal measured strains, the true 
strains are 


= log. (1 + (4) 


The nominal elastic stresses are, by the 
thin-walled spherical shell formula 


and o; = —p, where p is the internal 0 = ox» = pDo (5) 
pressure. It will be assumed that the Ato 
true strains «, = «2 for the inside surface where 
200 0.5 
160 ~ 0.4 
N 
\ _A 
if 
120 0.3 
3 
80 — 0.2 3 
o 
& 
40 0.1 
© Fracture Strength 
Ultimte Strencth 
True Ductility (Based on %ell Thickness) 
0 4 True Ductility (Besed on Gere Length) 
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Fig. 17 (b) 
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Variation of true biaxial properties with temperature 
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Do = the initial inside diameter of the 
spherical shell 
ty) = the initial wall thickness 


The true plastic stresses are determined 
by considering the actual values of D and t 
in Equation 5 in place of the initial values 
Do and to; that is, the true stresses are 

pD 


=o, = (b) 

To determine D in Equation b the true 

strain value as given by Equation a can be 

used; that is, 


D 
= log; or D = Dy (c) 


Using the value of «, from Equation 4 in 
Equation ¢ 
D = Do (1 + en) (d) 


By equation a the strain ¢; in the direction 
of the wall thickness is 


t 
=log.- or t = to loge! (e) 


to 
In the plastic range the volume remains 
approximately constant, or 
atet+e=0 or = —2e (f) 
From equations e and f 


lo 


{= to log. 1 (—2e;) = - 
(1 + €1) 


2 


Substituting the value of D from Equation 
d and ¢ from Equation g in Equation b 
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energy theories, 


of the theoretical yield strengths. 
termine the experimental values of the 
yield strengths, the simple tension yield 
strength is based on the A.S.T.M. offset 
yield stress using an offset strain of 0.002 


Gal €10) 3 (6) 


Equation 6 defines the true stresses in 


terms of known quantities. 


Yield Strengths 


By the stress, shear and distortion 
respectively, and for a 


pD 

state of stress where a, = o2 = 4“ and 
o; = —p failure by yielding is defined by® 

= Gy (7a) 

Ciy + Py = (7b) 

+ Py =o (7e) 

where 

oy = the yield stress in simple tension 
oiy and py = the values of o and p at 


yield for combined stresses 


Equations 7a, 7b and 7c give the values 
To de- 


n. per inch (Fig. 3). 
For combined stresses, an equation for 


an equivalent offset strain has been deter- 
mined. 
equivalent offset strain is 


Assuming biaxial stresses, the 


- 


E = the modulus of elasticity in simple 
tension 

u = Poisson’s ratio 

R = o2/o, = the principal stress ratio 

€p = the offset strain for simple tension 


where 


for = o2, R = o2/o0; = 
becomes 


1 and Equation 8 


+ €p (8a) 


In obtaining the offset strain ¢«,, as defined 
by Equation 8a and as used in Fig. 15, val- 
ues of » = 0.30, ep = 0.002 in. per inch, and 
E = 30 X 10° psi. were used. A com- 
parison of the experimental and theoretical 
values of yield strengths is given in Table 
4. 


Nominal and True Ultimate and 
Fracture Strengths 


By the stress theory of failure the pre- 
dicted values of the ultimate and fracture 
stresses o; are, respectively,* 


Cis = Cu and Cir = o, (8) 


By the shear theory the values of the ulti- 
mate and fracture strengths are defined 
by oi, in the equations® 

iu + Pu = ou and oir + pr = oy (9) 
Both the true and nominal strengths can 
be defined by equations 8 and 9 provided 
the true and nominal values of the tensile 
stresses o, and o, are used. Table 5 gives 
a comparison of the actual theoretical 
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strength values using equations 8 and 9 
for the theoretical strengths, 


Plastic Stress-Strain Relations 


A generalized St. Venant Theory (5-8) 
which predicts stress-strain relations for 
combined stresses in the plastic range has 
been found to be in approximate agree- 
ment with test results. 
strain relations are based on the following 
assumptions: 


These stress- 


(1) The directions of the principal 
strains e,, e2 and e; coincide with the direc- 
tions of the principal stresses 02 and 

(2) The volume remains constant in 
the plastic range; that is, 


(h) 


SeLCIMEN No 


(3) The ratio of the three prin 
shear strains to the principal shear str: 
are equal, and equal to a quantity ci 
mined by the tension test; 


pal 

r- 
that is, 


& 


3 
= - = - = 
03 — — — 2 


Solving equations h and i simultaneously 


for €1, €2 and €3, 


( 

q = — (a 
( 

= — — (#1 — (10 
¢ 

= — — (a2 — @3)] 


Equations 10 define the principal strain 
ralues in terms of the principal stresses and 
a quantity Q to be determined. 


Fig. 18 
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| If Equations 10 are squared and a, ided 
\ + + = 


[(o, + (a2 3)? + (a3 <¢ 
or 


V (*/2) [(o1— 02)? + (o2—03)? + (030, 
OV + +6%) (1) 
Equation 11 can be written as 
(12 


where 


c= 
Vite — a2)? + (a2 — a3)? + (63 —o 


True Stress - Strein Curve for Tension 
Control Specimens, Sphere 1. 


Denotes rupture. 
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\ The stress o is called the significant stress* 
\ \ and by Equation 13 its value is dependent 


on the magnitudes of principal stresses. 
The strain « is called the significant strain* 
i and by Equation 14 its value depends on 
the magnitudes of the principal strains 
\ . According to the Generalized St. Venant 
\ Theory the significant stress-significant 

\ 

\ 

\ 


strain relation « — ¢ is the same for all 
states of stress. For simple tension, 
o2 = 0; = 0,0; = o, & = €, and & = « = 
—e/2 for constancy of volume. Then by 
equations 13 and 14 the significant stress 
and strain values for simple tension are 
and (15) 

That is, by the Generalized St. Venant 
Theory the significant stress-strain’ rela- 
tions for various combined states of stress 
coincide with the simple tension stress- 
strain relation o = ke”. 

For the spherical shells tested, « = «, 


sphere 


Sphere 1 


€; = —2e, 0; = o2, and o; = —p, so that 
\ : by equations 13 and 14, 
(13a) 
\ 4 | = (14a) 
Fig. 20 shows plots of the significant stress 
and strain as determined by equations 13a 
\ and The average simple tension 
NN g stress-strain relation is also shown in Fig. 
2 20. 


Significant stress-strain relations 


Sphere 4 
a 


Fig. 20 


° “\ AN le To determine the theoretical combined 
4 = stress ductility values it is first necessary 
% ‘ to determine the principal strains. By 
: equations 12 and 15,Q = o/e = ¢/e. But 
by Equation 3 « = (¢/k)!/, so that Q = 
a/e = (a)(k/o)!’. Placing this value of 
Q in Equations 10, the principal strains 


\l become 


L 


4 

4 

IGNIPICANT 


Sphere 


Pao 
2 2 
\ a;\1/n 
$ (16) 
\ 
\ l/n 
\ 6 = [a? + — aB—-a— 
\ _ 1 
(s-$-5 
8 * The significant stress and significant strain 
cot ‘ssmuis are equivalent to the effective stress and strain® 


and the octahedral shear stress and shear strain.’ 
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here 1 for + 1/n Hess, A., Goodkind, C., and Griffis, L., “Be- 
te or P havior of Steel Under Conditions of Multiaxial 
a2 o3 2 , 4 (18) Stress and the Effect on this Behavior of Metallo- 

a + p\1/n graphic Structure and Chemical Composition 
= — (* } (NS-307),"" OSRD No. 6593, Serial No. M644 

k (Feb. 1946). 

The strains on the inner surface of shells : : 2. Klier, E. P., Wagner, F. C., and Gensamer, 
at rupture are obtained from Equation 16 The first of equations 17 or 18 gives the M., “The Correlation of Laboratory Tests with 
Full-Scale Ship Plate Fracture Tests, rue 


by placing a = 1,8 = —P/o,, and by the 
shear theory placing o; = ow = or — p; 
that is, 


sion values. 


fracture is 


io ifn 

k 


theoretical ductility based on simple ten- 
The second of equations 17 
or 18 can be used to determine the theoreti- 
cal value of the reduction in wall thickness, 
since by Equation e the wall thickness at 


t, = ty log, 


Table 5 gives a comparison of the theoreti- 
cal ductilities based on equations 17, 
and 19 and the actual values. 
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ep B. Wilder and J. O. Light 


ROPERTIES of steel after prolonged exposure at 

elevated temperatures depend in a large measure 

upon structural stability. Strength, for example, 

may be adversely affected by graphitization, or the 
gradual deposition within the steel of microscopic flakes 
of graphite following heating above 1000° F. for a long 
period. The source of the graphite is carbon which was 
originally dissolved in the steel. 

Although graphitization may appreciably influence 
the strength characteristics of a steel particularly in the 
heat-affected zone of a weld, other structural changes 
may be equally important. This investigation repre- 
sents a part of a study designed to evaluate more thor- 
oughly the stability of more than a hundred steels, many 
of them not normally susceptible to graphitization. In 
addition to the structural changes in the parent metal 
and the heat-affected zone of welds, the oxidation re- 
sistance, hardness and impact properties are reported. 

Chromium has won recognition as an inhibitor of 
graphitization, but other elements such as columbium, 
zirconium and titanium may also behave as stabilizers. 


A. B. Wilder is Chief Metallurgist with the National Tube Co., Pittsburgh, 
Pa. J. O. Light is Chief Metallurgist at the Lorain, Ohio, Works of the 
National Tube Co. 


This is a condensation of paper presented before the American Society for 


Metals, Philadelphia, Pa., 


Oct. 28, 1948. 
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» Stability of more than 100 steels are evaluated. 
of graphitization and other structural changes evaluated 
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Influence 


The structural characteristics and properties of these 
special alloying elements in the absence of chromium 
have been investigated and the results after 10,000 hr. of 
exposure at 900, 1050 and 1200° F. (480, 565 and 650° 
C.) are discussed. Among the steels investigated are 
the ferritic and austenitic are 
widely used for high temperature service. 

The investigation showed that: 

The titanium and columbium-molybdenum steels did 
not graphitize during 10,000 hr. of exposure at either 
900 or 1050° F (480 or 565° C.), while both the parent 
metal and weld heat-affected zone of the molybdenum 
Graphite was ob- 
-affected 


stainless steels which 


and zirconium steels graphitized. 
served as a chain-like structure in the weld heat 
zone of the zirconium-molybdenum steels. 

The 12% chromium steels appeared to be the most 
stable with respect to mircostructure, impact properties 
and hardness at all temperatures. 

The 17% chromium steel parent metal was embrit- 
tled by exposure for 10,000 hr. at 900 to 1200° F. (480 
and 565° C.). 

Sigma phase, 
compound formed under certain conditions of composi- 
tion and heat treatment of high chromium steels, was 
also observed metallographically in the 27% Cr-N steel 
after exposure at 1050 and 1200° F. (565 and 650° C.) 
both in the parent metal and weld heat-affected zone 
with a high concentration in the latter. The hardness 


which represents an iron-chromium 
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of the parent metal increased during 10,000 hr. of ex- 
posure at all three temperatures. 

Carbide precipitation in the grain boundaries was 
observed in the austenitic 18-8, 18-8 FM and 18-8 Mo 
steel in both the parent metal and weld heat-affected zone 
after 10,000 hr. of exposure at all three temperatures. 
This first occurred in the weld heat-affected zone. Car- 
bide precipitation lowered the Charpy impact strength 
of the parent metal, particularly as exposed at 1050 and 
1200° F. (565 and 650° C.). 

After 10,000 hr. of exposure at 1200° F. (650° C.), 
sigma phase was observed metallographically in the 
parent metal of the 18-8 Ti and 18-8 Cb steels and in 
the weld heat-affected zone as exposed at 1050 and 
1200° F. (565 and 650° C.). The lower impact proper- 
ties in the parent metal after exposure at 1200° F. 
(650° C.) were associated with sigma phase. 

Oxidation of the parent metal in the stainless alloys 
after exposure in air for 10,000 hr. at 900—-1200° F. 
(480-650° C.) was essentially nil. The low alloy steels 
containing zirconium were appreciably oxidized after 
exposure at 1200° F. (650° C.). 


WELD BEAD TESTS 


Two 6-in. weld beads with different heat inputs were 
deposited on opposite sides of each bar. The weld beads 
were deposited at the United States Steel Corp. Re- 
search Laboratory with automatic welding equipment. 
Structural changes are reported for the small weld beads 
only, this bead being deposited with a '/-in. diam. 
electrode using 100 amp. at 24 v. and an arc travel speed 
of 10 in. per minute. No preheating or postheating was 
employed. 


GRAPHITIZATION CHART 


A transverse section of the weld bead samples was 
examined microscopically as follows: Zone 1, in the 
coarsened grain structure immediately beneath the weld 
metal; Zone 2, in the relatively fine grain structure 
beneath Zone 1; Zone 3, near the boundary of the heat- 
affected zone where the grain size is similar to the par- 
ent metal; and Zone 4, in the unaffected parent metal. 
A rating of 10C, for example, on the graphitization 
chart (previously reported) indicates 10 particles of 
dispersed graphite with an average size C in a 4- x 5-in. 
field at 500 magnification. 


IMPACT AND OXIDATION TESTS 


Charpy impact tests were made in accordance with 
A.'S.T.M. designation E23-41T. <A standard keyhole 
notched specimen was used and results reported are the 
average of two specimens tested at ordinary tempera- 
ture. Impact tests of the parent metal were made on 
the zirconium, zirconium-molybdenum and stainless 
alloys. Impact tests of welded specimens were not 
included in the investigation. Oxidation resistance in 


air was determined by descaling unwelded 1- x 1- 2()-jy, 
bars after exposure in the electric furnace. 


GRAPHITIZATION OF ZIRCONIUM, 
COLUMBIUM AND TITANIUM ALLOY 
STEELS 


After 10,000 hr. of exposure at 1050° F. (565° ©. 
graphitization was observed in the Mo, Zr and Zr-\o 
steels. The Zr steel also contained graphite at the 900° 
F. (480° C.) exposure temperature. Graphite was not 
observed in any of the steels after 1000 hr. of exposure, 

The structure of the Ti-Mo parent metal consists of 
titanium carbide in a ferrite matrix with no evidence of 
pearlite. In the weld heat-affected zone before expo- 
sure, a similar carbide structure was observed and in 
addition a change in grain structure. Immediately 
beneath the weld metal, a coarse-grained structure was 
present and adjacent to this zone, fine grained recrystal- 
lized parent metal which merged into the unaffected 
parent metal. After exposure, there was no appreciable 
change in the grain structure of either the weld heat- 
affected zone or the parent metal. The microstructure 
of the Mo and Cb-Mo steels were similar to the Ti-Mo 
steels except that columbium carbide was present before 
exposure in the Cb-Mo steels and pearlite in the Mo 
steel. In the Mo steel, pearlite spheroidized after ex- 
posure and some graphite was observed. The small par- 
ticle size of graphite in this steel may be associated with 
the low carbon content of the material. A stabilizing 
influence due to columbium and titanium is indicated. 
Longer exposure periods will be required to further 
establish the carbide stability of Ti-Mo and Cb-Mo 
steels. 

The zirconium steels before exposure were similar in 
structure to the Mo steel in the parent metal and heat- 
affected zone. Dispersed graphite was found in the 
weld heat-affected zone and parent metal in the Zr stee! 
after exposure at 900 and 1050° F. (480 and 565° C.). 
The additon of '/2% molybdenum to this steel appar- 
ently inhibited graphitization only at 900°F. (480° C.) 
during 10,000 hr. of exposure. 


STRUCTURAL CHANGES IN FERRITIC 
STAINLESS ALLOY STEELS 


In the weld heat-affected zone before exposure of the 
12% chromium and 12°, Cr-Mo steels, a smaller grain 
size was observed compared to the parent metal. This 
condition was not observed in the 12°, Cr-FM and 12% 
Cr-Al steels. The structural characteristics of all these 
steels were essentially unchanged after 10,000 hr. of 
exposure at the various temperatures. 

No changes in structural characteristics of the 17% 
chromium parent metal after exposure were observed. 
In the weld heat-affected zone at the weld metal-base 
metal interface a new constituent was observed after 
exposure at 1200° F. (650° C.) which may be sigma 
phase. The possible occurrence of sigma phase may be 
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due to alloy diffusion into the base metal and will re- 
quire longer periods of exposure for confirmation. 

A structural change involving formation of sigma 
phase occurred in the parent metal and weld heat- 
afiected zone of the 27% chromium steel after 10,000 
hr. of exposure at 1050 and 1200° F. (565 and 650° C.). 
There were no visible structural changes in parent metal 
or weld heat-affected zone after exposure for 1000 hr. or 
at 900° F. (480° C.) after 10,000 hr. of exposure. The 
occurrence of a high concentration of sigma phase in the 
weld heat-affected zone of the 27°% chromium steel 
subjected to temperatures over 900° F. for extended 
periods of time is of considerable commercial signifi- 
cance and will be further evaluated after longer periods 
of exposure. 


STRUCTURAL CHANGES IN AUSTENITIC 
STAINLESS ALLOY STEELS 

The microstructure of 18-8, 18-8 FM and 18-8 Mo 
unexposed parent metal were generally similar. Car- 
bide precipitation was observed at the grain boundaries 
of these steels after 10,000 hr. of exposure at 900—-1200° 
F. (480-650° C.). 

In the 18-8 Mo steel, partial carbide precipitation was 
observed at 900° F. (480° C.) after 10,000 hr. of ex- 
posure. In the weld heat-affected zone carbide precipi- 
tation after 10,000 hr. of exposure was similar to the 
parent metal. At 1000 hr of exposure, however, only a 
slight carbide precipitation was observed in the weld 
heat-affected zone of the 18-8 and 18-8 FM steels and 
no precipitation was observed in the parent metal. 

In the 18-8 Ti and 18-8 Cb parent metal, sigma phase 
was observed after 10,000 hr. of exposure at 1200° F. 
(650° C.). The occurrence of this phase was question- 
able at 1050° F. (565° C.) and was not observed at 


900° F. (480° C.) This phase was observed in the weld 


heat-affected zone of the 18-8 Ti and 18-8 Cb steels 


after 10 000 hr. of exposure at 1050 and 1200° F. (565 
and 650° C.). A larger quantity of the constituent was 
present in the weld heat-affected zone than in the parent 
metal. 


IMPACT AND HARDNESS PROPERTIES 


Impact properties of the Zr and Zr-Mo steels were 
essentially unchanged after 10,000 hr. of exposure at 
900 and 1050° F. (480 and 565° C.). Impact properties 
of the various 12°, chromium steels were, in many 
instances, not appreciably affected at the elevated tem- 
peratures. 

The 17% Cr steel was brittle after exposure for 
10,000 hr. at 900, 1050 and 1200° F. (480, 565 and 650° 
C.). No change in microstructure was observed with 
exception of the possible formation of a finely dispersed 
phase. Evidence to support the presence of this new 
phase must await longer periods of exposure. 

The 27% Cr-—N steel was brittle before and after ex- 
posure. A carbide phase was present in all the speci- 
mens and no structural change in the parent metal 
after 1000 hr. of exposure was observed. After 10,000 
hr. of exposure at 1050 and 1200° F. (565 and 650° C.) 
There was no observed 
(480° C.) 


sigma phase was observed. 
structural change after exposure at 900° F. 
for 10,000 hr. 

A carbide phase at the grain boundaries was observed 
in the 18-8 and 18-8 FM steels after exposure for 10,000 
hr. at 900, 1050 and 1200° F. (480, 565 and 650° C.). 
In the 18-8 Mo steel, the grain boundary carbides were 
only observed at 1050 and 1200° F. (565 and 650° C.). 
The occurrence of this phase at the grain boundaries 
would account for the lower impact strength. With 
respect to the 18-8 Ti and 18-8 Cb steels, the lowered 
impact strength observed after 10,000 hr. of exposure at 
1200° F. 
sigma phase. 


(650° C.) was associated with the presence of 


The scientific phenomena involved in the flow 
and fracture of metals has engaged the attention 
of some of the ablest scientists in the world in 
recent years. The problem is particularly im- 
portant in welded structures where the mono- 
lithic character of a welded assembly brings 
into play stresses of a three-dimensional char- 
acter. Stress concentrations, temperature, 
quality of steel, rates of loading, degree of con- 
straint, are only a few of the many complex 
variables involved in the thorough understand- 


FLOW AND FRACTURE OF METALS 


AMERICAN WELDING SOCIETY 


33 West 39th Street, New York, 18, N. Y. 


ing of the subject. In order to make available 
to engineers and research workers the best 
existing information, two comprehensive re- 
views were prepared on the subject. One of 


them was made by Major Holloman under the 
supervision of the Welding Research Council 
and the other by Dr. Gensamer and his asso- 
ciates for the U. S. Navy. Both of these are 
already available in book form at $1.00 per 
copy. Orders may be placed for either or both 
of these books at once. 


Address orders to: 
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Eifect of Weld Metal 
Composition onthe 
Strength and Ductility of 
19% (r—35% Mi Welds 


Discussion by T. E. kKihlgren 


The authors have presented much useful information 
relating to the welding of this alloy, a subject on which 
relatively little has hitherto been published. The 
relationship between carbon and silicon with respect to 
fissuring is interesting, and, to the extent that increased 
carbon content is net objectionable for other reasons, 
would seem to offer a simple and an inexpensive means 
of control of weld hot cracking in this alloy. 

We should like to ask the authors to what extent the 
relationship established between carbon and silicon has 
been confirmed using joint designs involving more 
severe restraint. Under conditions involving rather 
heavy stresses during welding, must the permissible 
silicon and carbon maxima be revised downward to 
eliminate weld hot cracking or fissuring? 

It would be logical to apply the carbon-silicon relation- 
ship developed by the authors for the 15-35 alloy to 
such high nickel content alloys as the 80-14—6 (Inconel) 
type, as a possible means of controlling fissuring. How- 
ever, it would be well to advise caution in the introduc- 
tion of carbon in appreciable amounts into such alloys. 
These high nickel materials are used in a variety of 
applications where carbon, at least in the absence of 
sufficient stabilizing elements, would be objectionable 
from a corrosion resistance standpoint. For such alloys, 
it is probably preferable to employ other means for 
eliminating fissuring or weld hot cracking. 

The authors indicate that columbium will eliminate 
fissuring in 15-35 alloys containing about 0.10 C, but 
warn, quite correctly, that tests should be conducted to 
make sure that columbium will not adversely affect 
those qualities for which the 15-35 alloy is used. While 
it is recognized that the analogy cannot be directly 
applied, it may be of interest, in this connection, to note 
that considerable field experience exists on welded 
structures in the 80—14-6 alloy, the welds of which may 
contain as much as 2.5-3.0% columbium and, in a few 
instances, about 4%. These weldments, some of which 
have been exposed to high temperature oxidation, and 
others to corrosive media at both elevated and normal 
temperatures, have been in service for several years, 
and, to date, no weld failures involving the weld metal- 
lurgy or weld chemistry have been brought to our atten- 
tion. 


T. E. Kihlgren is a Metallurgist with The International Nickel Co., Re- 
search Laboratory, Bayonne, N. J. 


The poet by D. Rozet, H. G. Campbell and R. D. Thomas, Jr., was pub- 
lished in the October 1948 Welding Research Supplement, pp. 481-s to 491-s. 
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Kihlgren—Chrome Nickel Welds 


We hope that the authors will extend their invest iga- 
tions to other commercially important alloys of the 
chromium-nickel-iron series. There is a great dea] vet 
to be learned concerning the welding of these alloys, «n¢ 
additional contributions of the caliber of the present 
paper by the authors will be welcomed by all wh 
working in this field. 


ire 


Discussion by N. C. Jessen 


It is indeed a privilege to again discuss the effect of 
composition on the physical properties of an austenitic 
alloy weld metal. Dr. Campbell and Messrs. Thomas 
and Rozet are to be congratulated on a very excellent 
job of laboratory research. 

The type of data presented in this paper is of consid- 
erable interest and importance to the user of welding 
electrodes in that it will perhaps help to explain, and on 
future jobs avoid, the many troubles that may be en- 
countered in the manufacture of high-alloy weldments. 
With the increased use of welded construction, higher 
service temperatures and more efficient design, the qual- 
ity and soundness of our weld deposits becomes more 
and more important. This weld metal quality is to a 
large extent a function of the knowledge and skill ac- 
cumulated by the electrode manufacturer and it is 
through research work of the type presented in this 
paper that our mutual knowledge of some of the many 
factors that contribute to the making of a sound weld is 
increased. 

The most important lesson conveyed by this investi- 
gation is the effect of the carbon-silicon ratio on high 
alloy weld metal properties. It is gratifying to note 
that the trend of the authors’ findings with respect to 
the carbon-silicon ratio was quite similar to our own 
observations with regard to the 25% Cr — 20% Ni alloy 
weld metal. 

About a year ago I called Dr. Campbell at his office 
regarding some difficulty we were experiencing with the 
welding of a heat exchanger element made from 15% Cr 
~ 35% Nipipe. Our weld deposit showed the following 
analysis and physical properties. 


Analysis 


1.80 

16.11 

Physical Properties 

46,000 
Ultimate strength, psi............... yah 73,250 
Miongation in 2 30 
Reduction of area, %.............2...:- 41.9 


+70 °F., 40-58 


Shop welding showed a multitude of fine cracks and it 


N. C. Jessen is Metallurgist, Barberton Works Control Lab., The Babcock 
& Wilcox Co., Barberton, Ohio. 


The pow by Messrs. Rozet, Campbell and Thomas was published in the 
October 1948 Welding Research Supplement, pp. 481-8 to 491-s. 
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yas virtually impossible to obtain an X-ray sound 
iyint. The 0.505 specimens showed many fissures indi- 
-ating the unsoundness of the weld metal. Bend speci- 
mens cut from a test plate welded at the same time 
fjiled in the weld with many fissures. 

After discussing this problem with Dr. Campbell he 
made a special lot of electrodes in the laboratory of the 
following analysis and properties. 


Analysis 


Carbon, %. .. 0.32 
Manganese, “7 1.70 
Physical Properties 
Yield strength, psi..... 65,006 
Ultimate strength, psi... 100,000 
Elongation in 2 in., % ae ‘ 31.0 
teduction of area, %.. 41.1 


at —320 ° F., 41-47.5 
+70 ° F., 48.5-55.5 


Charpy impact... . 


Bend specimens made from a test plate welded with 
this wire were perfectly sound and no trouble was ex- 
perienced in welding the 15-35 heat exchanger in the 
shops. Although our shop results do not check too well 
with the results published in this paper, in so far as the 
0.22 C, 0.53 Si analysis falls within the optimum ductil-_ 
ity band of Fig. 4, the principle does agree with the pres- 
ent paper. 

There is one aspect of a laboratory research that will 
always be open to question, and that is the inability of 
the laboratory to meet shop conditions. I am thinking 
primarily of the geometry of the joint, the design of the 
weldment and the welding procedure, which to a con- 
siderable extent will determine the stress in the 
weld area. In a problem involving fissures and un- 
sound weld metal the stress in the weld area determines 
the amount of cracking almost to the same degree as 
does the extent of fissuring! In addition to this, there 
is the problem of base metal analysis. Under certain 
conditions the weld metal may be made up of as high as 
30°% base metal and 70% weld metal. With electrodes 
of borderline analysis an unfaverable base metal analy- 
sis may well lead to unexpected cracking and failure of 
the weld. The welding technique, such as the current 
input, length of arc, degree of weaving and electrode 
position also are known to decidedly affect the physical 
properties of an electrode, particularly electrodes of the 
high alloy type. It would be interesting to determine 
whether the electrodes of borderline analysis would be 
judged satisfactory if they were used at high currents 
with a weaving technique, particularly on a high-sili- 
con, low-carbon 159% Cr — 35% Ni plate. 

One of the applications of 15% Cr — 35% Ni elec- 
trodes is the welding of extreme low-temperature equip- 
ment. Since slight fissuring does not appear to mate- 
rially affect the low-temperature impact strength of the 
weld metal, this application is considered reasonably 
safe if electrodes are selected and used with normal care. 
By far the largest amount of 15% Cr — 35% Ni ma- 
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terials is used for heat resistant applications and here 
again perhaps the largest volume is made in the form of 
castings. In one respect this is an advantage in so far 
as the carbon content of commercial castings of this type 
is of the order of 0.30-0.50°% C; however, the silicon 
may be of the order of 2%! Since the welded joint in 
this case will be in high temperature service it would be 
of interest to determine whether high temperature 
properties such as stress-rupture strength is affected by 
slight fissuring in a manner similar to room temperature 
properties, or if the effect is perhaps more severe. 

I would like to join the authors in cautioning against 
the indiscriminate use of Columbium in high-alloy weld- 
ing electrodes. Our experience to date with metal are 
welding indicates that the Carbon-Cb ratio is a very 
important factor in this case; also, that excessive 
amounts of Columbium will result in severe weld crater 
cracking. The rather unsatisfactory experience ob- 
tained with inert-are welding of Type 347 (18-8 Cb) 
alloy as compared to Type 304 (18-8) should also cau- 
tion us against the use of Columbium as a means to stop 
fissuring of welds. These statements are not intended 
to condemn the use of Columbium as an alloying element 
in austenitic steels, since the superior high temperature 
stress rupture characteristics of 19-9 Cb are too well es- 
tablished to be ignored. 

In conclusion I should like to compliment the authors 
on the excellent graphic presentation of their data and 
express my appreciation for having had the opportunity 
to review this paper prior to its publication. 


Authors’ reply to Dr. T. E. Kihlgren 


The authors are very appreciative of Dr. Kihlgren’s 
comments on their paper. 

The study of weldments involving greater restraint is 
presently under way in cooperation with various high- 
alloy foundries. The Welding Research Council, High 
Alloys Committee, through a subcommittee on high- 
alloy castings, is planning to make extensive test of 
welds deposited in highly restrained grooves in cast 
15/35 plates. These tests will undoubtedly reveal the 
answers to Dr. Kihlgren’s question. 

The application of the carbon-silicon relation to 
higher nickel alloys has already been successfully made 
in the case of the 13 Cr — 60 Ni alloy. Control limits 
have been established for carbon and silicon which re- 
sult in sound weld metal free from fissures and exhibiting 
good ductility. The alloys of still higher nickel content 
are more difficult to weld, and do not seem to respond 
to control of carbon and silicon alone. Very possibly a 
relationship between the three elements carbon, silicon 
and columbium will be found, under which fissuring 
will be eliminated without recourse to excessive addi- 
tions of either columbium or carbon. 

The wide interest shown by all sections of the welding 
and casting industry in this problem is a healthy sign 
which promises to bring about great improvement in 
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the welding of the high chrome-nickel corrosion and 
heat resistant alloys. 


Authors’ reply to N. C. Jessen 


We are very grateful to Mr. Jessen for his comments 
on our paper and for the experimental data he has con- 
tributed. We are very pleased to see his test results for 
our electrodes as we have been much encouraged by the 
good agreement obtained by our respective labora- 
tories. 

A brief commentary on the method used by Mr. 
Jessen to obtain his chemical analysis chips may clear 
up the apparent discrepancy between his test results 


and the predictions of Fig. 4. The analyses in oy, 
paper are all based on standard A.W.S.-type weld pads. 
The exact lot of electrodes used for Mr. Jessen’s first 
test is unknown, but our quality control records for 
that period show 0.10 to 0.12% carbon and 0.50 to 
0.70% silicon, which would explain the cracking <iffi- 
culty experienced by Mr. Jessen. Our analysis of the 
special electrode showed 0.23% carbon, 0.21% silicon: 
this is seen to be a very good composition according to 
Fig. 4. While Mr. Jessen feels that the weld groove 
from which his chips are taken is an undiluted deposit, 
it does not seem surprising that his analysis should 
differ slightly from ours. We are certainly in agree- 
ment in principle, as he has pointed out. 


X-Ray Measurement of Strain 
in Metal 


T is possible, by means of X-ray diffraction, to meas- 
ure the interatomic spacing of crystals. Because a 
crystal deforms under the influence of an applied 
stress, with a resultant change in the interatomic 
spacing, X-ray diffraction can be utilized to determine 
the magnitude of strain in the crystal. Such a method 
of measuring strain offers many advantages, but several 
unresolved difficulties have limited its application, 
though the technique has been under study for the past 
twenty-five years. Comprehensive investigations by 
the Metallurgy Division of the National Bureau of 
Standards in the field of X-ray strain measurements 
have been directed toward improving the sensitivity 
and precision of this method of determining strain in 
metals.* The Bureau’s special interest lies in the possi- 
ble importance of the method in detecting fatigue 
damage in metal before an actual fracture occurs. 
Deformation of metals can be of two kinds, elastic and 
plastic. Elastic deformation is the result of a change in 
interatomic spacing, while in plastic deformation slip- 
ping of the atomic planes takes place without change in 
the dimensions of the crystal lattice. Because of this 
difference, the strain measured by X-ray diffraction is 
limited to the elastic portion and is not affected by elastic 
deformation. For some purposes this is a major advan- 
tage as compared to those methods which measure only 
the total strain. Other advantages are: (1) The length 
over which the strain is measured can be made very 
small; (2) the strain can be determined without the 
necessity of a measurement on the unstrained metal; 
(3) the strain is measured in a very thin surface layer. 
These advantages make the method particularly suitable 


Technical Report 1283, National Bureau of Standards, U. 8. Dept. of Com- 
merce, Washington 25, D. C. 


* For further details, see ‘Calibration of f Measurement of 


Strain,”’ by John A. Bennett and Herbert C. Vacher, J. Research, NBS 
40, 285 (1948) RP1874. 
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for applications such as the determination of internal 
stresses in metals. 

As opposed to the advantages of the X-ray method of 
mea. uring strain, there are several disadvantages, the 
most serious of which is the lack of sensitivity. The 
determination of strain involves measuring the change 
of diameter of the diffraction ring from the specimen. 
In the case of metals this ring is inherently quite diffuse, 
due to imperfections in the metal erystal. With an- 
nealed metals the width of the ring is about the same 
magnitude as the maximum diameter change expected 
from. elastic strain. For cold-worked metals the ring 
becomes much more diffuse and it is difficult to detect 
any change due to elastic strain. 

Although improved X-ray strain measurements have 
resulted from the Bureau investigation, the work was 
initiated primarily to apply the X-ray stress-measure- 
ment technique to detection of fatigue damage in 
metals. Fatigue is the term used to denote the pro- 
gressive fracture of metals under the action of fluctuat- 
ing stress. The magnitude of the fluctuating stress 
which will eventually cause failure is much smaller than 
that required to fracture the metal under static condi- 
tions, and as a result fatigue is a primary cause of failure 
in machine elements. The course of a fatigue fracture 
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Fig. 1. Schematic diagram of the method used at the 


National Bureau of Standards to measure strain in metals 
by means of X-rays 
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First, the metal under- 
goes some sort of deterioration or damage which finally 
results in the formation of a very small crack; and 
second, the crack grows until the member is weakened 


can be divided into two stages: 


to such an extent that it fractures suddenly. At the 
present time no reliable method is known for the 
evaluation of the damage which takes place during the 
first stage except through a fatigue test. It would be 
extremely valuable if some means were available for 
measuring this damage by nondestructive means. 

In 1941, Glocker, in Germany, reported the results of 
X-ray stress measurements made on fatigue specimens, 
by means of which he claimed to be able to detect fa- 
tigue damage. The method involved the measurement 
of surface stress in the specimen under static load after 
various amounts of fatigue stressing. He found that 
after the specimen had been damaged by fatigue stress- 
ing, the stress in the extreme surface layers was not as 
large as it would be if the material were homogeneous. 
Because of the apparent significance of these results, it 
seemed desirable at the Bureau to pursue further this 
line of investigation. 

It was immediately evident that the primary require- 
ment was to obtain better precision of stress determina- 
tion than is possible with the methods commonly used. 
In the method devised by the National Bureau of Stand- 
ards the film is placed at right angles to the incident 
X-ray beam so that it intersects a diffracted beam at an 
angle that depends on the spacing of the reflecting 
planes (Fig. 1) according to the Bragg equation, 


= 2d sin 6 


In this equation n is the order of the reflection, \ is the 
wave length of the X-rays, d is the interplanar spacing 
and @ the diffraction angle. When d is changed by the 
application of stress to the specimen, the strain in the 
direction of the normal to the reflecting planes is meas- 
ured by the change in @. As X-rays can be diffracted in 
any direction making an angle of 180° — 26 with the 
incident beam, the diffracted beam forms a cone which 
intersects the film in a circle. The diffraction angle is 
computed from the specimen-to-film distance and the 
radius of the diffraction ring. It is usual practice to 
measure the radius at one or two points with a vernier 
scale. 

The primary factor that limits the precision of the 
X-ray measurement of stress is the diffuseness of the 
diffraction ring, which makes it impossible to obtain 
exact values for the ring radius. As there did not 
appear to be any experimental method which would 
significantly improve the accuracy of a single measure- 
ment, it was decided to increase the precision of the 
stress determination by making a number of measure- 


ments of ring radius. For each stress condition, there- 


fore, two diffraction patterns were taken at different 

angles of incidence, and twelve measurements of ring 

each pattern using a recording microphotometer. 
Because the diffraction ring of a stressed specimen is 
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STRAIN, 
Fig. 2. Calibration curve for the method developed at 
the National Bureau of Standards for the X-ray measure- 
ment of strain in metals. Results obtained by irradiating 
a flat steel specimen under tensile stress are plotted against 
surface strain values measured with wire strain gages 


not exactly circular, special methods of handling the 
data were developed to give a single value representa- 
tive of the twelve radius measurements. These 
methods, which were used in the cases where averaging 
the measurements would have resulted in a loss of 
sensitivity, are valid only for uniaxial stress in the sur- 
face of the specimen. 

In order to calibrate the method, tests were made on a 
flat steel specimen loaded in bending to produce a ten- 
sile stress in the surface under examination. The actual 
strain in the surface of the specimen was measured with 
wire strain gages placed above and below the spot 
which was irradiated with X-rays. The results obtained 
are shown on Fig. 2, on which the values obtained from 
measurement of the diffraction ring are plotted against 
the surface strain. Each of the points represents data 
from one diffraction pattern, the open circles being for 
patterns taken with the incident beam normal to the 
surface, the closed circles with 45° incidence. The 
direction of change of 4 is different in the two cases be- 
cause the lattice contracts in directions at right angles to 
the applied stress. 

A significant fact is revealed by the curve for 45° 
incidence which flattens out at a strain value of about 
9 x 10~*, indicating that plastic deformation occurred 
when the strain was greater than this value. However, 
the 90° curve shows no flattening up to the maximum 
applied strain. From this it appears that plastic de- 
formation in one direction in a erystal does not affect 
the atomic spacing or elastic properties in other diree- 
tions where the strain is not great enough to cause slip. 
Such results suggest that the measuremert of lattice 
strain by means of X-rays might provide a powerful 
tool for the investigation of the mechanism of plastic 
deformation. 

In order to obtain a single value representative of the 
lattice strain, the difference between the values of 90 
and 45° was used. The relationship between this dif- 
ference and the measured surface strain was found to be 
linear, the maximum deviation of any point from a linear 
relationship corresponding to about 1000 psi. stress. 
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Discussion of the Paper: 
Correlation of 
Laboratory Tests with 


Full-Scale Ship Plate 


Fracture Tests” 


By Henri M. Schnadt' 


HIS paper is the first in the U.S.A. relating to a 

research using one of our new tests. We thought 

this would give us the opportunity to make some 
comments on this paper, on the way this test was used, 
and also to outline the new theories and testing methods 
we have developed in the last years, regarding plasticity, 
fracture and weldability. 

As space does not permit us to treat in detail the result 
of eight years of research work, we apologize in advance 
for the very sketchy character of what follows. 

The world over, an unusual amount of research work 
has been done before, during and after the war, on plas- 
ticity, fracture and welding problems, to discover the 
basic reasons of the failures which occurred in many big 
welded structures, i.e., ships, bridges and pressure ves- 
sels. Numerous new tests have been proposed and hun- 
dreds of papers have been published on these important 
and international problems. 

Nevertheless the main questions have so far remained 
unsolved. This situation is obviously due to the lack of 
fundamental knowledge concerning the stresses, the 
metals, the factors governing plastic flow and fracture, 
the mechanism of a stressed structure, its actual security 
and the general influence of welding. 

In attacking the problems from this side we could de- 
velop quite simple new theories and testing methods, 
which permit one to understand easily how a stressed 
structure works, why it is safe or why it breaks. The 
conclusions drawn from these theories and _ tests, 
largely used at present in industrial control and research, 
never failed until now to agree with the industrial facts. 
Here are some of these conclusions. 

We have shown that the elastic, plastic and rupture 
(shear or cleavage) behavior of a metal, for all possible 
states of stress, at a given deformation rate v and temper- 
ature /, can be expressed graphically by a two-dimensional 
diagram we have called basic diagram. The variables are, 
on the horizontal axis: the greatest principal normal 
stress o;; on the vertical axis: the plastifying power II of 
the stress state. 

This plastifying power II is a new nondimensional fac- 
tor, depending only on the multiaxiality of the stresses. 
It can vary from 0 to 2; it is equal to 1 in uniaxial 
stresses, to 0 in three-dimensional isotropic stress. 

The general stress state of a metal structure is given in 
the same diagram by the mavistress curve of the struc- 
ture. If this curve belongs to the whole structure, we 
call it global stress curve; if it belongs only to a certain 
part of it we call it partial stress curve. For instance, a 
ship has at a certain moment only one global stress 
curve, expressing its entire stress situation. 

* Paper by E. P. Klier, F. C. Wagner and M. Gensamer published in Sup- 


plement to February 1948 issue THE WELDING JOURNAL. 
t Consulting Engineer, Luxemburg and Brussels 
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Upon the relative position of the maxistress cury: 
the basic diagram of the metal used, depends the secu; 
of the structure and consequently its tendency to de/, 
plastically and (or) to break by shear or cleavage. 

In particular it can be shown that the security in each 
point of a structure has nothing to do with the so-caljeq 
‘security factors’’ now in use, but is expressed for each 
point by its contra-ruptive stress, p11. which depends 
upon o; and upon a nondimensional factor we called 
paratential, 

This paratential is defined by 2, = Il — ®,, where 1 
is the plastifying power of the stresses and ®,, the eno- 
brittleness of the metal for a given strain rate v and tej. 
perature ¢. The endobrittleness is a nondimensiona} 
property expressing the actual inherent brittleness of 
metal. It is completely independent of the state of 
stress, but generally it depends upon v and ¢: it increases 
with v and also by lowering the temperature f. 

Now a very important thing is this: if a metal js 
stressed by a multiaxial stress state with increasing o,, 
its behavior first depends from the value of the paraten 
tial 2° for the unstrained metal. If 2° is positive, the 
metal will deform more or less plastically before breaking: 
but if Q° is zero or negative, the metal will break like glass 
without any plasticity. As Q° = Il — 9, this mode of 
failure occurs the more readily the lesser the plastifying 
power II (notches or initial cracks) and the higher the en- 
dobrittleness @° of the unstrained metal (type of metal 
or electrode, heat treatment, impact stressing, low tem- 
perature). 

Each point of a stressed structure has at a given mo- 
ment a certain paratential 2°. In some points 2° > 0) 
we call them green points or zones; in others Q° < (): 
we call them red points or zones. From what precedes it 
is obvious that the red zones of a structure never can be- 
come plastic; only the green ones have this possibility. 

But the paratential generally does not remain constant 
during plastic deformation: it rises or it falls. This 
paratential instability has considerable practical impor- 
tance. Because if 2,, decreases through deformation it 
may become zero; at this very moment the considered 
green zones become red and the metal breaks through 
cleavage without further plasticity. This explains why 
fractures of plates or test pieces often show cleavage 
after more or less initial plasticity. 

The extension of the green and red zones of a metal 
structure varies with temperature; if ¢ decreases the 
green zones become smaller and the red ones larger. This 
explains why brittle failures, like that of Liberty ships, 
are more likely to appear during winter than during sum- 
mer. 

From these new points of view, the raising of the para- 
tential 1s a very important constructional principle. There 
are two ways of doing this: first by plastifying the 
stresses by raising their plastifying power II; second by 
plastifying the metals by decreasing their endobriitleness 
©°. The best technical and economical solutions are 
achieved by using both possibilities. 

We are now working out, with good results, special 
techniques concerning the plastification of stresses in in- 
dustrial structures. But as the present comments relate 
to a paper dealing with the properties of the steels used 
in welded structures, we shall further (in order to limit 
this discussion) only consider the second possibility: 
the metallurgical aspect of the problems involved in 
welded structures. 

According to the new theories the plastic quality of a 
homogeneous steel, that has not been cold worked, is 
completely defined by its endobrittleness 2 and not by 
the result of a given fracture test; for such a result does 
not depend directly on &° but solely on the test paraten- 
tial Q° = Il — ©°. Hence the plastic behavior shown in a 
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test is translatable in practice only if the plastifying powers 
[] of the test stresses and of the service stresses are identical. 


This is very important. Because if, for example, the 
{| value of the service stresses were less than that of the 
test stresses, it would be possible for a steel, which has 
been perfectly plastic under the test, to break like glass 
when forming part of a structure. This is precisely what 
occurred in the accidents that happened to welded ships 
and bridges. In this way these mishaps are easily ex- 
plained and are no longer mysterious. 

In order to have a complete picture of the ability of a 
metal to deform plastically, it is therefore necessary to 
determine first its endobrittleness ®°,,. It can be shown 
that this is specially needed for impact stressing. 

rhis determination can easily be done by the new test- 
ing methods we developed some years ago, which are 
based on a new type of test specimen,* very simply pre- 
pared and which can be applied much more widely than 
the Charpy, Izod and other specimens of the same type. 
The new type, based on new but unpublished theoretical 
considerations, fills up at a maximum the conditions im- 
posed by these theories for a good test specimen. They 
are peculiarly adapted to aging and welding tests. 

The new specimens permit the metal under test to be 
submitted to tensile stresses with given plastifying power 
Il, but varying from one test to another, the values rang- 
ing particularly from the most common to the lowest 
values of II in industry. The test results are expressed 
graphically by the impact diagram of the metal. 

The names of these tests and their corresponding II 
values are: 

dynacity K,, with Il = Hl, = 0.866, 
mesotopy Ko, with Il = Il, = 0.65 approximately, 
polatopy Ky, with Il = I, = 0.55 approximately, 
coheracy Ky, with I Ip = 0.433. 


The corresponding stresses are called: dynacic, meso- 
topic, polatopic and coheracic. The dynacic stresses are 
the most usually encountered industrially and are the 
least severe; while the coheracic stresses are the most dan- 
gerous and exist, for example at the bottom of even a na- 
tural fissure in a piece of metal. 

From the constructional viewpoint the new testing 
method renders quite superfluous the carrying out of tests 
at temperatures below the lowest at which the steel will 
be used. To know the tendency of a steel to give brittle 
fractures it is sufficient in all cases to determine its co- 
heracy A, for the lowest service temperature. /f the steel 
has a high coheracy, it will not be possible for a crack to be 
propagated nor, a fortiori, to start. 

If a steel is coheracic at a certain temperature /, its 
endobrittleness ®’,, < 0.433. Few ordinary construc- 
tional or ship steels possess such a low endobrittleness at 
+20° C. The result was that, while other experimentors 
had great difficulties in obtaining brittle fractures 
through laboratory tests, we had first great difficulties in 
finding out a steel that gave no brittle failure by coheracic 
testing. The first coheracic steel we tested (Ay = 8 kg. 
cm.” minimum) was that used in the all-welded bridge of 
Neuilly (France). 

The curious phenomenon of the brittleness due to 
shape (dimensional fragility of metals) is equally easily 
explained and it can be shown theoretically and practi- 
cally that all steels suffer from it, except those that possess 
a good coheracy and those that have no dynacity. Care 
must be taken, nevertheless, not to confuse this cause of 
industrial brittleness with the often much greater brittle- 
ness of thick pieces due simply to an increase in ®°,,, in- 
herent in the method of shaping rolled steels. 

The effect of the factors capable of causing ®°,, to vary 
should equally be revealed by means of these tests. 


* U.S.A. patent pending. 
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This led the writer to speak of dynacic, mesotopic, pola- 
topic and coheracic aging, and to define the effect of weld- 
ing on steels by their dynacic, mesotopic, polatopic and 
coheracic weldductancy (Bd, Bm, Bp and Be), that is the 
toughness of the heat-affected zones adjacent to the weld, 
for stresses with different plastifying powers. It is 
wrong to relay the weldability of a steel to the hardness 
of these zones, because there is no direct and uniform re- 
lation between their hardness and their endobrittleness, 
which is the important property. 

The endobrittleness of most steels is very sensitive to 
temperature variations. As ’,, increases if ¢ decreases, 
there is for each steel and each test a temperature, called 
critical tex, for which the initial test paratential ©,, = 0 
and below which the steel will break like glass, without 
absorbing energy. This temperature obviously depends 
on the type of test, because the greater the II value of the 
initial test stresses, the lower the corresponding critical 
temperature of the steel. So we have to consider four 
critical temperatures, called: coheracie loon, polatopic 
mesotopic tues and dynacic lpyn, with toy 
tues < < toon. the testing temperature exceeds 
the critical temperature of the steel for the type of test 
in question, the initial test paratential 2”,, becomes posi- 
tive and plasticity or toughness appears. This gives us 
four curves expressing the variations of dynacity, meso- 
topy, polatopy and coheracy with temperature. 

Because of their heterogeneity, the endobrittleness of 
industrial steels is not constant, but varies between cer- 
tain limits from one point to another; so we have ®,, = 
mean = A®,,, where mean expresses the mean 
plastic quality of the steel and A®,, its heterogeneity. 
For this reason each steel has at least and for each type 
of test, two critical temperatures: the lowest given by the 
temperature for which II°,.... = mean ®,, — A®,, = min 
®*,,, the highest by the temperature for which II°... = 
mean ®°,, + A®P,, = max ®,,. Thisexplains very simply 
why most of the industrial steels possess a temperature 
range for which there is a great scattering in the test re- 
sults. But this scattering may be increased by the insta- 
bility of the plastifying power of the test stresses during 
fracture, as it is the case in the Charpy, Izod and the 
other tests of this kind. The new test specimens have a 
far greater stability. 

It may further be shown that the whole plastic behav- 
ior of a metal, for all, Il and ¢ values, can be expressed 
by the curves A(t, II), which we called tsoloughness 
curves. These curves have great practical value. 

We hope that this note, even being very sketchy, will 
suffice to indicate the general direction of approach 
of the fundamental problems now involved in modern 
metal construction. The new testing methods can be ap- 
plied to all kinds of metals (rolled, forged, extruded or 
cast), thick or thin (deep drawing sheets down to 0.5 
mim. can easily be tested). They are specially suited for 
control and development of weld metals (are or gas weld- 
ing rods) and they enable the testing of only one run with 
its casting structure. Resistance welding spots too can 
be examined without difficulty. 

The new theories and testing methods solve more than 
one-half of the problems listed in the two remarkable 
surveys of fracture and welding problems, published in 
THIS JOURNAL by Hollomon and Gensamer. But numer- 
ous other problems have now to be added to the above 
lists. 

The new theories and tests have been in use for indus- 
trial research, control and development since 1944 (after 
liberation). More than 25,000 tests have been performed 
until today. Their field of application widens continu- 
ously and they are now used in several countries. Their 
application leads to a general change in the routine con- 
ceptions regarding the metals and the structures. 
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It is beyond doubt that welded structures based on the 
new ideas are 100% sure and that it is possible in this 
way to weld even the greatest steel constructions and to build 
them lighter, cheaper and more beautiful than riveted ones. 

We close these comments with some special remarks: 

1. The foregoing theories show that in general it will 
never be possible to develop a certain laboratory test, 
correlating always with the full-scale behavior of a steel 
plate used in a welded ship. Because testing has to be 
done with plastifying powers equal to the industrial ones 
and because these may vary over a wide range (from IT; = 
0.866 to Ih = 0.433). If the paratential is stable the best 
correlation is given for dynacic, mesotopic, polatopic and 
coheracice stresses by, respectively, the dynacity, meso- 
topy, polatopy and coheracy tests. But very often the 
paratential is not stable, and if through plastic deforma- 
tion (or cracking) the plastifying power of the stresses 
tends to become coheracic, the best correlation is given 
by the coheracy test. So the first thing to do in control- 
ling the serviceability of a given steel is to appreciate the 
plastifying power II of the service stresses and to deter- 
mine the plasticity of the steel, at service temperature, 
for the same II value. 

2. Generally slow bending tests are not suited to indi- 
cate the tendency of a certain steel for btittle fracture. 
Because a steel may be plastic by slow bending (2°, > 
0) and brittle by impact stressing (0°, < 0) and if sucha 
steel is used, a quick propagating crack could not be 
stopped. 

3. Wecannot agree with the authors when they write 
that the test specimen B-iv is a new one, developed by 
them through successive modification of the standard 
test (p. 72-s). For two reasons: 

First because this test specimen is now eight years old 
and was already used when we carried out slow bend tests 
(in the early stage of our research work) on specimens 
greater than our actual standard Specimens, to deter- 
mine: (1) the influence of the testing velocity, (2) the 
influence of the notch radius, (3) the influence of increas- 
ing the specimen size and (4) the best way of expressing 
the test result (energy absorption by slow bending or im- 
pact, bending angle at rupture, contraction or elonga- 
tion), In particular the influence of the notch radius and 
specimen size were determined by varying systematically 
the notch diameter from 0 to ©, the hole diameter from 
4 to 15 mm. and the rupture section from 1 x 5 to 10 x 30 
mm. These specimens included a specimen practically 
identical to that used by the authors (hole diameter 12.5 
instead of 12.7 mm., rupture section of 9 x 20 mm. in- 
stead of 8x 19 mm.). One conclusion of these tests was 
that a specimen proportioned like specimen B-iv is not a 
good one; another, that the new tests have to be carried 
out with smaller test pieces broken by impact. Both 
conclusions are in good agreement with the new theories. 
Greater specimens broken by slow bending or impact are 
still in use for special testing and, i.e., for cast iron, plas- 
tics and wood. 


The second reason is that the new specimens have not 
been derived by us from the earlier standard impact spec. 
imens, with the only intention to remove the compressed 
zone. They are, on the contrary, based entirely on yew 
theoretical and practical considerations, their shape anq 
size being chosen so as to fill out at a maximum the jy. 
merous conditions required by a test piece best adaj ted 
to modern testing problems. 

4. The new tests cannot be used without using at the 
same time the new theories, as the authors have done. [py 
doing this not more than a negligible part of the actual 
possibilities of the new testing system can be exploited. 

The two last remarks are not to be taken in a reproach. 
able sense, because the authors have not known in detail} 
the new testing system, nor its theoretical background, 
On the contrary we are happy to congratulate them for 
their important experimental contribution on the problem 
of brittle fracture and to notice that, even without closer 
information, they have been interested in these tests, 
For that we thank them. 


Reply by E. P. Klier, F. C. 
Wagner and M. Gensamer 


It is interesting to have Mr. Schnadt’s comments on 
the line of reasoning which led him to develop the impact 
bar which in the paper we have credited to him. We has- 
ten to state that we do not agree with his comment (°) 
in which it is indicated that we claim this specimen type 
as our development. We have made use of this type of 
test bar because it is a convenient test bar for our pur- 
poses. A different test bar was initially used to obtain 
the same results. 

We do not wish to suggest that the test as reported on, 
will directly predict the behavior of steel plate in a struc- 
ture. That, however, was not the immediate objective 
of our experimentation. We attempted to predict the 
fracture characteristics of 72-in. wide internally notched 
plate specimens. Our success in achieving this objective 
is left to the reader to judge. It is our belief, in the light 
of these results, that Mr. Schnadt’s comment (2) is not 
pertinent. 

Finally, with reference to comment (4), it must be evi- 
dent that we have made use of the specimen which we 
have called the Schnadt-type specimen, without making 
use of the concepts which Mr. Schnadt employed to de- 
velop it. The size of the specimen has been selected as 
being the minimum in height which will give the results 
desired. The width of the bar is apparently not critical, 
so long as it is '/» in. or greater. 
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